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Foreword 


It has been my privilege to act as the technical program chairman for the 14th Annual 
Conference of the Microbeam Analysis Society (San Antonio, Texas, 13-17 August 1979), a 
joint meeting with the Electron Microscopy Society of America. I have been greatly aided 
in arranging the technical program by several of my colleagues who have undertaken the 
organization of sessions on specialized topics: Edgar Etz, National Bureau of Standards 
("Raman Microanalysis"); Philip DeNee, Inhalation Toxicology Research Institute ('"Back- 
scattered Electron Imaging in Scanning Electron Microscopy"); Ronald Warner, Harvard Uni- 
versity ("Biological Microanalysis"); and Noel MacDonald, Physical Electronics Industries 
(Surface Microanalysis"). In addition, I wish to acknowledge the special aid of the of- 
ficers of the Microbeam Analysis Society: David Kyser, IBM (President); Robert Myklebust, 
National Bureau of Standards (Secretary); and Roger Bolon, General Electric Research and 
Development (Treasurer). 

The publication of the Proceedings of the 14th Annual Conference of the Microbeam 
Analysis Society marks a major change in the format of the Society's annual publication. 

By agreement with the San Francisco Press, Inc., the MAS Proceedings will now be published 
as a bound, citable volume. Furthermore, San Francisco Press, Inc., will now act as the 
distributor for the MAS Proceedings, including past volumes, where available. MAS looks 
forward to a long and fruitful association with the San Francisco Press. 

As evidenced by the fine papers submitted to this year's conference, the members of 
MAS continue to lead microanalysis efforts in many branches of science and technology. 

In addition, the interests of MAS are clearly broadening with the introduction of new tech- 
niques. The 1979 Conference contains sessions on analytical electron microscopy, which ex- 
tends conventional electron probe microanalysis into much finer spatial resolution; and on 
laser Raman microanalysis, a molecular microanalysis technique that complements the ele- 
mental analysis derived from the techniques of x-ray, electron, and ion microanalysis. In- 
terest still remains high in the continued development of quantitative electron-probe 


microanalysis and its extensions to specimens of special scientific and technological 
importance: particles, films, and rough samples. Finally, in these Proceedgins a new 
feature is introduced that we hope will be contineud in future volumes, a detailed bib- 
liography on a specific subject of interest in microanalysis. Charles Fiori of the 
National Institutes of Health has prepared an exhaustive bibliography on energy-dispersive 
x-ray spectrometry to initiate this series. 

For those who have the good fortune to attend the 14th Conference, the oral presenta- 
tions of the papers and the subsequent discussions will be a rich source of information. 
For others who cannot attend, I hope the published Proceedings will aid them in obtaining 
a view of the current state of the art and science of microanalysis. 


DALE E. NEWBURY 
Technical Program Chairman 
Microbeam Analysis Society 
Nattonal Bureau of Standards, 1979 
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Scanning Electron Microscopy (Backscattered Electron Imaging) 


BACKSCATTERED ELECTRON IMAGING OF BIOLOGICAL SPECIMENS 
Harry W. Carter 


Backscattered electron imaging (BSI) has the potential of making the scanning elec- 
tron microscope (SEM) a definitive instrument for studying biologic samples. Secondary- 
electron images (SEI) have been shown to be unreliable as definitive data for classifica- 
tion of cells in suspension. The surfaces of cells are controlled more by the conditions 
of their environment than by their cell type. Internal structures, particularly the nu- 
cleus, are used to classify cells as well as to assess the general condition of the cell. 
Therefore, a proper evaluation of cells with the SEM requires either a correlative study 
with some form of transmission microscopy or the use of BSI of specimens stained selec- 
tively with materials of high atomic number. 

Correlative studies are time consuming and not well suited for clinical situations, 
where time plays a role in the importance the information has on patient care. BSI may 
be done either simultaneously with SEI or sequentially, depending on the equipment being 
used. Either way the superior image registration makes time-consuming correlative stud- 
ies with either transmission electron microscopy (TEM) or light microscopy (LM) unneces- 
sary in most cases. 

Stains that employ metals as contrasting agents in biologic material have been used 
in LM for almost a century. Heavy-metal staining has become universal in TEM methods 
including the identification of enzymatic and immunologic reactions. 

The use of such well-established metal staining techniques for atomic number con- 
trast in BEI is immediately apparent. In fact, silver has been already used to demon- 
strate nuclei, basement membranes, and reticulin by BEI in sections of embedded tissue. 

A modification of the Gomori methenamine silver stain has been recently prepared by 
Becker? which gives excellent detail by nuclei within cells. The same stain can be used 
to visualize the A band within heart muscle cells.© Enzymatic reactions have been used 
to demonstrate peroxidase’ and cytochrome C oxidase® localization using the DAB osmium 
technique. Acid phosphatase reactive sites have been imaged with lead used as the cap- 
ture agent.? In the acid phosphase preparations cell nuclei were stained secondarily by 
the silver stain cited above (Fig. 1). 

Ligands may prove to be helpful in increasing the density of metal deposited, in 
Situations involving low initial concentrations of stain, so as to improve the backscat- 
tered electron signal. In some staining applications several metals can be used, so that 
one has a choice of contrasting methods. 

The images generated by backscattered electrons are almost identical to black-and- 
white photomicrographs of LM if the polarity of the image is reversed (Fig. 2). The ad- 
vantages BEI has over LM for viewing internal structures are an extended range of magni- 
fication and a greatly increased depth of focus. The main advantages BEI has over TEM 
is that the thickness of the specimen can be much greater, even bulk samples, and the 
whole specimen can be viewed without grid-bar interference.!! Slotted grids could over- 
come the grid-bar problem; however, slotted grids have their own problems. In addition 
neither LM or TEM can give the topographic information generated by SE in the SEM. It 
is this combination of SEI and BEI that is of importance in a diagnostic sense. The com- 
bination has already been emphasized in the study of urothelium!2 and pulmonary diseases. 
Other clinical applications will follow. 
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FIG. 1.--BEI (left) and SEI (right) of 
macrophage to demonstrate acid phosphatase 
(small black dots) with lead as capture 
agent, and nucleus with silver stain. 
Right side is SEI done simultaneously. 
Both pictures 1800~x. 
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FIG. 2.--Light micrograph of breast tissue stained with hematoxylin and eosin (left), and 
BEI of breast tissue stained with silver (right), both at 200x. Note similarities in 


images. 
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VISUALIZATION BY BACKSCATTERED ELECTRON IMAGING OF THE ACCESSORY (OUTER DENSE) FIBERS AND 
MITOCHONDRIA OF SPERM 


R. P,. Becker and Garry Vogel 


Visualization of subsurface structures in cells by backscattered electron imaging (BEI) 
in a scanning electron microscope (SEM) promises to be an important tool in biomedical in- 
vestigation. If one is able selectively to stain internal structures such as cell nuclei 
or lysosomes with heavy metals ,1~4 one may be able to take advantage of the increased num- 
ber of primary (beam) electrons that scatter back from such stained organelles and contrast 
them against surrounding unstained cell components. In this manner, subject to certain con- 
straints on depth, one is able to visualize structures beneath intact cell surfaces, and to 
do so concurrently with the viewing of the surface, as performed by conventional secondary 
electron imaging (SEI). Fora good general review and bibliography on the backscattered 
image in the SEM consult Wells. 

This paper describes BEI methods applicable to the study of sperm: the visualization 
of the accessory fibers of the flagellum and of the mitochondria of the middle piece sheath. 


Matertals and Methods 


Statning of Aecessory Fibers. The testes and epididymis of adult Wistar rats were ex- 
cised and dissociated in a pool of fixative consisting of 1.5% formaldehyde (prepared from 
paraformaldehyde) together with 2.5% glutaraldehyde in 0.08M sodium cacodylate buffer, pH 
7.2, After further fixation for 2 hr in the same solution, testis tissue was washed free 
of fixative by immersion in the same buffer (several changes in 24 hr), further rinsed (3 
changes in 15 min) with distilled water to remove buffer saits, and then immersed in 10 ml 
of Gomori's methenamine silver reagent® contained in a capped vial. The methenamine silver 
solution was prepared fresh by adding 5 ml of distilled water and 0.4 ml of a 5% sodium 
borate solution to 5 ml of methenamine silver stock (100 ml of 3% hexamethylene tetramine 
plus 5 ml of 5% silver nitrate). The capped vial was warmed to 50°C in a water bath and 
removed as soon as the solution became just perceptibly gray (typically 30 to 45 min). 
Thereafter the tissue was rinsed free of the staining solution by immersion in a large ex- 
cess of distilled water, immersed in 5% sodium thiosulfate for 15 min, and further rinsed 
in distilled water prior to ethanolic dehydration and critical point drying from CO») with 
Freon TF as an intermediate fluid. Some testis tissue was cryofractured in absolute eth- 
anol prior to drying.’ Dry tissue was mounted on carbon slabs with a carbon containing ad- 
hesive (Tube Koat, G. C. Electronics, Rockford, I1l1., Cat. No. 49-2) and coated with carbon 
by evaporation prior to viewing. 


Statnitng of Sheath Mitochondria. The testes and epididymis of adult Wistar rats were 
excised, dissociated and immersed for 20 min in a 4C pool of 4% formaldehyde (prepared 
from paraformaldehyde) in 0.05M sodium phosphate buffer, pH 7.4, to which 5% sucrose had 
been added. Following fixation a crude suspension of sperm was prepared by a gentle pel- 
leting of the larger tissue and cell aggregates. Serial dilutions of the supernatant were 
then prepared by addition of 0.05M sodium phosphate buffer, pH 7.4, to which 5% sucrose had 


R. P. Becker is at the Department of Anatomy in the University of Illinois Medical Cen- 
ter in Chicago, IL 60612; Garry Vogel is at the Department of Biology, University of Chi- 
cago, IL 60637. A portion of this study was conducted while Dr. Becker was at the Univer- 
sity of Chicago's Department of Anatomy. The study was supported in part by USPHS grants 
CAQ5493 and HD-174, in part by NSF grant BNS-7728493, and in part by a grant from the Louis 
Block Fund, University of Chicago. The SEM employed in this study is located in the Univer- 
sity of Chicago Users Microscope Laboratory, which is supported by a grant from the Biotech- 
nology Resources Branch of the National Institutes of Health. 
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been added. A 5ml volume of each dilution was then passed through a 0.22um pore size 
Millipore filter (Millipore Corp. GSWPO1300) contained in a 13mm Swinnex holder (Milli- 
pore Corp. 6X0001300). The filters plus collected sperm were removed from the holder, 
washed overnight in the same buffer pias sucrose, and incubated for 1 hr at 37°C in a 
medium modified from Seligman et al.° for the demonstration of cytochrome oxidase. The 
medium consisted of 5 mg of 3,3'-diaminobenzidine (Sigma Chemical Co., St. Louis) and 750 
mg of sucrose in 9 ml of 0.05M sodium phosphate buffer, pH 7.4. Some control incubations 
were performed with the cytochrome oxidase inhibitor, potassium cyanide (6.5 mg, 0.01M), 
added to the incubation medium. Following incubation sperm were washed with several 
changes of the same sucrose buffer, followed by a rinse with distilled water, and then 
immersed in 0.5% OsO, for 10 min at 20°C. Excess OsO, was quickly washed from the filters 
with distilled water. The filters were dehydrated in graded ethanols and critical-point 
dried from CO, with Freon TF as an intermediate fluid. Dry filters were’ mounted and coat- 
ed with carbon for viewing as detailed for the silver-stained testis tissue above. 

The pelleted testis tissue was also incubated for the demonstration of cytochrome ox- 
idase (as above), and subsequently osmicated and prepared for transmission electron micro- 
scopy (TEM). 


Seanning Eleetron Microscopy. The heavy metal-stained preparations were viewed in 
secondary-electron (SE) and backscattered-electron (BE) imaging modes in a Hitachi HFS-2 
SEM equipped with a scintillator-light guide-photomultiplier tube BE detector of original 
design (Fig. 1). This detector collects BE over a solid angle of about 2.5 steradians and 


FIG. 1.--Diagrammatic representation of 
scintillator-light guide BE detector en- 
ployed in this study. Primary (beam) elec- 
trons (PE) are focused onto specimen through 
hole in wedge-shaped end of light pipe. 
Backscattered primary electrons strike face 
of scintillator, a Ca Fo (Eu) crystal, which 
converts electron signal to light signal. 
Light pipe, machined from optical-grade 
quartz, conveys light signal out of micro- 
scope to standard photomultiplier tube (PMT), 
which reconverts light signal to electron 
‘signal. All exposed surfaces of light pipe 
and scintillator are aluminized and grounded. 
Light pipe is maneuverable from outside the 
microscope by use of high-vacuum bellows, to 
allow detector to be properly positioned or 
retracted out of the way. Hitachi HFS-2 SEM 
preamplifier and analog circuitry process 
PMT signal for display. 


offers an improved signal-to-noise ratio over that of the annular silicon diode detector 
previously employed in the HFS-2.? The microscope was operated at 25 kV with a beam cur- 
rent at the specimen of 2 to 5 x 1071! A. 


Results and Discusston 


For a major part of the length of the mammalian sperm tail, the axonemal ''9+2" pairs 
of microtubules are surrounded by nine "outer dense" fibers, presumed to be somehow ac- 
cessory in function to the axonemal microtubules. The Gomori methenamine silver (GMS) 
reagent, as used here, contrasts these fibers effectively for BEI (Figs. 2 and 3). Acces- 
sory fibers may be viewed within the tails and in profile at the fracture plane by BEI 
(Fig. 2b), and conveniently compared with a SE image of the same site (Fig. 2a). Since 
two detectors are employed, it is entirely possible to view and record both images simul- 
taneously with one raster sweep of the beam. The resolution attained in the case at hand 
is improved over that available by light microscopy and sufficient to correlate with the 
familiar TEM appearance of the fibers (see, for example, Fawcett!®) . 
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The staining of the accessory fibers is apparently due to the reducing power of the 
sulfur-containing proteins in the fibers, since the fibers are known to be particularly 
rich in cystine!! and thiol reduction followed by alkylation eliminates the staining. 

If so, then the GMS protocol used here should also be effective in contrasting other 
structures rich in sulfur-containing amino acids, such as elastic fibers!2 or the insulin- 
rich 8 cells of the endocrine pancreas. 

The 'middle piece" of mammalian sperm is notable for the presence of a tight helical 
coil of mitochondria, arranged end to end, which ensheaths the axoneme and accessory fi- 
bers over this segment.!® These mitochondria are presumed to generate the energy for 
sperm locomotion. Middle-piece mitochondria can be contrasted for BEI visualization by 
selective heavy metal staining of the reaction product of the mitochondrial enzyme, cyto- 
chrome oxidase, which is deposited in the mitochondrial intracristal space and between the 
inner and outer mitochondrial membranes.® That is, by localizing a component restricted 
to mitochondria, and which delimits the margins of mitochondria, one may in turn localize 
mitochondria. Figure 4 shows in correlating SE and BE images of the same sperm, the 
tightly coiled mitochondria of the sperm middle piece. Sperm prepared similarly for TEM 
showed the selective localization of the DAB-osmium reaction product in the intracristal 
space and between the inner and outer membranes of mitochondria (Fig. 5). Addition of 
cyanide to the incubation medium abolished both the localization of DAB-osmium reaction 
product in TEM sections and the BEI visualization of mitochondria in SEM preparations. 

These results demonstrate the visualization of mitochondria within intact sperm pre- 
pared for SEM and the possibility for correlating mitochondrial disposition with the cell 
exterior. It is suggested that this approach may be applicable to investigations of other 
cell types and of particular value in studies dealing with the quantification of mito- 
chondria in individual cells. These results further support the general feasibility of 
a SEM histochemistry based on a linking of established TEM methodology with BE imaging. 
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APPLICATION OF HEAVY-METAL STAINING (0s0,) /BACKSCATTERED ELECTRON IMAGING TECHNIQUE TO 
THE STUDY OF ORGANIC AEROSOLS 


P. B. DeNee and R. L. Carpenter 


The backscattered electron imaging (BSI) mode of the SEM has been used for several 
years to visualize inorganic particles in biological tissue and in aerosol samples.1?2 
This technique has not been used for organic particles of low atomic number (Z), since 
the backscattered-electron (BSE) yield is low and is thus frequently masked by electronic 
noise. This paper describes the application of a relatively new technique: heavy-metal 
staining (HMS) and backscattered-electron imaging? to visualize organic aerosol particles. 
The HMS/BSI technique has been used only recently outside the biological sciences. The 
HMS/BSI technique has been applied to coal-gas aerosols in this work. 

The coai-gas aerosol particles were collected on polished carbon stubs by means of a 
point-to-plane electrostatic precipitator. The samples were then stained with osmium 
tetroxide (Os0,) vapors by the method of Green, DeNee, and Frederickson.* All SEM micro- 
graphs were taken at 25keV accelerating voltage, 10nA beam current, and 45° tilt. All 
samples were uncoated. 

These aerosols were chosen because they are quite difficult to study with either light 
microscopy (LM) or transmission electron microscopy (TEM). The particles are too small to 
be adequately resolved with LM. Although the TEM has adequate resolution, the particles 
have insufficient electron density to produce adequate contrast and may often evaporate 
owing to the intense electron beam. 

The SEM has adequate resolution and a less intense electron beam, but it is frequently 
difficult to differentiate the organic particles from the SEM stub surface. For example, 
comparison of a clean stub surface (Fig. 1} with the surface of a stub bearing coal gas 
aerosol particles (Fig. 2 and 3) makes the presence of inorganic (fly ash) particles ob- 
vious; however, it is difficult, if not impossible, to distinguish between organic par- 
ticles (tar droplets) and stub surface features. Comparison of Figs. 2 and 3 shows that 
different stub-surface morphology does not necessarily alleviate this problem. 

The HMS/BSI technique solves this problem. When osmium tetroxide is used to stain the 
particles, the particles are then clearly differentiable by BSI (Fig. 4A). The surface of 
the carbon stubs has stained slightly but in a subtle, mottled pattern, which may be 
caused by the staining of the organic binder used to hold the carbon particles together. 
Energy-dispersive x-ray analysis was used to analyze several Os-stained particles and the 
surface of the stub where no particles were present. It was found that the particle con- 
tained about five times more Os than the carbon stub. 

Heavy metal staining also enhances the secondary-electron image (SEI) of coal gas- 
aerosol particles (Fig. 4B). However, there are particle-like features (arrows, Fig. 4B) 
that do not stain by the HMS/BSI technique. They may be a different type of organic par- 
ticle or may be part of the stub surface. 

Heavy-metal staining and BSI show potential for the visualization of organic aerosols. 
The use of this technique and BSI/SEI prior to HMS allows one to differentiate between in- 
organic (fly ash) and organic (tar and oil) particles. Additional applications to the 
identification of various types of aerosols have been developed. 


The research was performed at the Lovelace Inhalation Toxicology Research Institute, 
Box 5890, Albuquerque, NM 87115, under U. S. Department of Energy contract EY-76-C-04-1013. 
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FIG. 1.--SEM of clean polished carbon stub, 
secondary-electron image (SEI). 43 um. 


FIG. 2 (bottom left) .~-SEM of polished 
carbon stub with coal-gas aerosol par- 
ticles. Note fly-ash particle (a) but 
difficulty in visualizing organic 
particles .}-——43 um. 

FIG. 3 (bottom right) .~-SEM of another 
polished carbon stub with coal-gas aero- 
sol particles. Smoother stub than in 
Fig. 2. Note fly-ash particle (b) but 
difficulty in visualizing organic 
particles . fe——j1.5 um. 


FIG. 4.--SEM of coal-gas aerosol particles on polished carbon stub. Particles have been 
stained with osmium tetroxide vapors. (A): backscattered electron image, (B) SEI. -——-4 
1.5 um. 
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APPLICATION OF SEM BACKSCATTERED ELECTRON IMAGING TO THE STUDY OF THE EFFECTS OF FIBROUS 
GLASS AND ASBESTOS ON LUNG TISSUE 


P, B. DeNee, A. H. Rebar, D. B. DeNicola, and J. A. Pickrell 


Many respirable-size glass fibers become airborne during the manufacture and installa- 
tion of fibrous glass insulation!» and thus can be inhaled. Inhaled fibers whose lengths 
are > 8 um, and whose aerodynamic diameter is < 5 um, may cause a tissue response in the 
lung,3-5 No direct association of this tissue response with the presence of other than 
large glass fibers has been made by the light microscope (LM). That is because glass fibers 
are transparent and nonbirefringent, their index of refraction is close to that of most 
tissue-mounting media, and the smallest dimension of many of the fibers is below the reso- 
lution of the LM (about 0.7 um).°»’ The transmission electron microscope (TEM) can be 
used to resolve the fibers (resolution about 1 nm). However, its use is not feasible be- 
cause it requires very thin sections (60-100 nm). Thin sectioning results in loss and 
damage of the fibers and requires very small sections, which makes it difficult to asso- 
Ciate fibers and tissue responses. 

It is possible to resolve the fibers with the Scanning Electron Microscope (SEM) in 
the Secondary Electron Imaging (SEI) mode, but it is difficult if not impossible to dif- 
ferentiate the fibers from the tissue. Backscattered Electron Imaging (BSI) with the SEM 
was previously introduced by DeNee to overcome this difficulty.®*’ The backscattered elec- 
tron yield from a material (backscattered electron image brightness) increases with in- 
creasing atomic number (Z) of the material; thus a glass fiber of Z ~ 10 will appear bright- 
er than biological tissue (Z =~ 5) or a carbon stub (Z = 6). 

This paper demonstrates the application of scanning electron microscopy and backscat- 
tered electron imaging to the study of toxic effects of fibrous glass on lung tissue in 
conjunction with light microscopy. The examples are taken from a preliminary screening 
study made by means of intratracheal instillation of (a) one type of fibrous glass, (b) a 
positive control known to be fibrogenic and carcinogenic (crocidolite asbestos), and (c) a 
negative control (saline). 


Experimental Method 


Male Syrian hamsters (Charles River [Lak: (SYR)]; 10-12 weeks of age) were utilized 
in the study. Each animal was anesthetized with 4% halothane in oxygen mixture delivered 
via a catheter inserted into the trachea following the technique of Mauderly.® Physio- 
logical saline solutions (37°C) were prepared both with and without fibers and a 0.5ml 
bolus was instilled into the trachea of each animal. Twenty animals were each administered 
a total of 2 mg of a bare (uncoated) fibrous glass in two biweekly doses. A second group 
of 20 animals was each administered a total of 6 mg of crocidolite asbestos in four weekly 
doses. Thirty control animals were each administered saline without fibers in either four 
weekly doses (five animals) or two biweekly doses (25 animals). 

Five or six animals from each fiber exposure group and eight controls were sacrificed 
at 1 and 3.5 months after initial instillation. The animals were sacrificed by means of 
halothane anesthesia and cervical dislocation. The heart-lung block was removed tn toto 
and the left diaphragmatic lobe was fixed by intratracheal perfusion with 10% buffered 
formalin. When fixation was complete (over 72 hr), the tissues were embedded in paraffin 
and Sum-thick serial sections cut. The sections were floated onto both glass light micro- 
scope sides and polished carbon stubs. The LM sections were stained with hematoxylin and 
eosin (H&E). The paraffin was removed from the SEM samples with xylene and either (a) air- 


This research was performed at the Lovelace Inhalation Toxicology Research Institute, 
Box 5890, Albuquerque, NM 87115, under Department of Energy contract EY-76-C-04-1013, in 


facilities fully accredited by the American Association for the Accreditation of Labora- 
tory Animal Care. 
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dried for quick results but with some sacrifice of good morphology, or (b) critical-point- 
dried with COj tg obtain good morphology. These sections were then given a light carbon 
coating (50-100 A) and viewed in the SEM at 25kV accelerating voltage and 10na beam cur- 
rent, by both secondary electron imaging (SEI) and backscattered electron imaging (BSI). 


Results 


IM Htstopathology. Lesions in the lungs of hamsters exposed to the bare glass fibers 
consisted of a granulomatous bronchopneumonia. Both large and small airways were involved 
(Fig. 1). Large bronchioles were filled with exudate consisting of an admixture of large 
foamy alveolar macrophages, necrotic debris, and fibers of varying lengths. Although the 
reaction in the large bronchioles was generally limited to the bronchiolar lumen, there 
was focal goblet cell metaplasia and focal hyperplasia of bronchiolar lining epithelium. 
Lung parenchyma surrounding large bronchioles was generally uninvolved. In contrast, the 
response involving the terminal bronchioles frequently extended into adjacent alveoli. Re- 
sponse in these areas consisted principally of accumulations of large foamy alveolar mac- 
rophages and occasional giant cells, Fibers were not readily identified. There was no 
Significant morphologic difference in lungs of animals sacrificed at 1 or 3.5 months after 
exposure. 

Lesions in lungs of hamsters exposed to asbestos were similar to those in the animals 
exposed to bare glass fiber, but the asbestos-induced lesions were more severe. Giant 
cells were a major component of the granulomatous inflammatory response (Fig. 2). Needle- 
like asbestos fibers of varying lengths were readily identified within giant cells. Bron- 
chiolar cell metaplasia and hyperplasia were not a feature of the asbestos-induced lesions. 

Lung tissues from all hamsters exposed to saline alone were histologically normal. 


SEM. Scanning electron microscopic evaluation of tissues from the animals exposed to 
bare glass fiber supported those morphological alterations detected by light microscopy. 
Large bronchioles were often filled with macrophages, necrotic debris, and numerous fibers 
of varying lengths. Some fibers were observed penetrating bronchiolar lining epithelium 
(Fig. 3). The bare glass fibers were readily seen with the SEM/BSI (in contrast to LM ob- 
servations). The number of fibers present in pulmonary tissues examined was markedly 
greater than the amount demonstrable with light microscopy. 

The SEM examination of lung tissue from the animals exposed to crocidolite asbestos 
also yielded observations that correlated well with LM observations. Numerous large, 
fiber-filled cells (probably macrophages) within alveolar septae and alveolar spaces as 
well as possible giant cells filled with fibers were identified. Figure 4 is a BSI of 
one or more macrophages (possibly a giant cell) containing asbestos fibers. The fibers 
can easily be seen in the BSI. 

No fibers were detected with SEM examination in the hamsters exposed to only saline. 


Dtscusston 


The two primary instruments used in this study have been the light microscope and the 
scanning electron microscope. Each instrument plays an important role in this study. The 
function served by the light microscope is to identify the tissue components, both normal 
and abnormal. It is limited in resolution to about 0.7 um, so that it can only resolve 
the larger fibers. In addition, certain fibers either have an index of refraction similar 
to that of the tissue-mounting media or are transparent and cannot be seen by LM. Polar- 
ized light microscopy can be used to "see" certain birefringent fibers (such as chryso- 
tile) but not amorphous material like glass. Many more tissue sections can be scanned in 
a given time by LM than by SEM. 

The SEM serves a complementary function. Its superior resolution and ability to util- 
ize atomic-number contrast allows it to "see'' glass and asbestos fibers in the lung tissue. 
One example is the multitude of small fibers in Fig. 4 as seen by BSI. In addition to 
"seeing" the fibers, one can analyze single fibers or clusters of fibers by x-ray analy- 
sis. Also, certain heavy metal stains can be used in conjunction with BSI in order to 
identify tissue components. 

The tissue response to the two test fibers was similar but the asbestos-induced le- 
sions were generally more severe, involving greater areas of lung parenchyma. In animals 
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exposed to asbestos, macrophages and giant cells contained numerous fibers of varying sizes 
visible with light microscopy. Fibers were only rarely seen in the fibrous-glass-exposed 
lungs with LM. 

These examples are part of a larger study now under way to compare the response of 
the lung to various types of fibrous glass and to asbestos. The same techniques 
will be applied to the lungs from other animals. The goal is to associate injury to the 
lung with location and physical characteristics (i.e., length, diameter, composition) of 
the fiber. 

We have shown that SEM and LM complement one another for certain types of studies, 
such as the response of the lung to fibrous materials. When used together, they can aid 
in determining the local effect of the foreign body (i.e., to correlate the injury with 
the agent), something that cannot always be demonstrated by means of either instrument 
alone. 
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BACK-SCATTERED ELECTRON IMAGING FOR AUTOMATED PARTICULATE ANALYSIS 
R. J. Lee and J. F. Kelly 


Characterization of the morphology and composition of individual particles collected 
in ambient air samples may permit the measurement of the impact of various sources on am- 
bient air quality. This important problem has been the subject of many SEM studies, most 
of which have had only limited success because of an inability to produce statistically 
significant results. 

Recently LeMont Scientific developed a system which offers computer-control of the 
electron beam.! Integrating this system with a Tracor Northern TN2000 software-based 
multichannel analyzer resulted in an Automatic Image Analysis (AIA) system capable of rap- 
id, reproducible measurement of the size, shape, and composition of all detectable individ- 
ual features in the SEM field of view.253 Image contrast, noise level, and edge effects 
are all important factors in the detection process. 

For AIA, the back-scattered electron (BSE), long the poor cousin of the secondary elec- 
tron (SE), is indispensable. Efficient, fast-response BSE detectors now permit imaging and 
focusing at normal SEM scan rates. These detectors eliminate many of the objectionable as- 
pects of BSE imaging and.permit the use of BSE in automated studies. The harsh, high-con- 
trast BSE image, lacking the esthetic qualities of the SE image, is well suited for AIA, 
where the optimum number of gray levels is two: black and white. 

The particulates collected on an ambient air sample include a large range of atomic 
numbers. For example, carbon, flyash, and iron oxide particles are often present in one 
sample. The most convenient method would be to analyze the particles on the original fil- 
ter used to collect the sample. This procedure precludes the use of the Hi Vol fiberglass 
filters, as they present topographic and compositional interferences. A suitable substrate 
for the majority of the particulates would be the polycarbonate membrane filters often used 
to collect ambient air samples. However, particles of low atomic number may present spe- 
cial problems. 

To illustrate, thin samples containing platey graphite particles and spherical hematite 
particles were prepared on several substrates. The BSE image of a graphite flake on a 
polycarbonate substrate is shown in Fig. la. Figure 1b shows the corresponding inverted 
BSE signal waveform for a single line scan across this particle. The signal peaks at the 
edges of the particle and drops in the center. The solid line in Fig. 1b is the threshold 
level used by LeMont to determine whether the beam is on or off a particle. The beam is 
assumed to be on a particle whenever the BSE signal is above the threshold level. As il- 
lustrated here, a slight variation in the threshold level would cause the particle to be 
detected as two particles or not detected at all. 

Figure 2a shows the BSE image of a graphite and hematite sample. To prepare this sam- 
ple, techniques developed for the analysis of asbestos in the electron microscope were 
used.* The polycarbonate filter was carbon coated and placed on a polished Be substrate, 
and the filter was dissolved, which left the carbon-entrained particulates on the substrate. 
In this case, both the graphite and hematite are readily detectable. As shown in Fig. 2b 
the threshold level could be changed significantly without a change in the apparent dimen- 
Sions of the particle. 

We propose to compare these and several other materials for use as substrates in par- 
ticulate analysis, describing the advantages and limitations of each; to outline the in- 
strumental parameters and detector criteria leading to optimum performance for image analy- 
sis; and to describe briefly the results of AIA studies on representative ambient air sam- 
ples, to provide an indication of the utility of BSE imaging. 


The authors are with U.S. Steel Research, Monroeville, PA 15146, 
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(b) (b) 


FIG. 1.--(a) BSE image of large graphite FIG, 2.--(a) BSE image of large graphite 


flake and spherical iron oxide particles flake and spherical iron oxide particles 
on polycarbonate membrane substrate; (b) in- on Be substrate; (b) inverted BSE waveform 
verted BSE waveform for single line scan for single line scan across graphite flake 
across graphite flake shown in (a). shown in (a). 
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TYPE-2 MAGNETIC CONTRAST WITH NORMAL ELECTRON INCIDENCE IN THE SCANNING ELECTRON 
MICROSCOPE (SEM) 


Oliver C. Wells and Richard J. Savoy 


Type-2 magnetic contrast is obtained in the backscattered electron (BSE) image in the 
scanning electron microscope (SEM) because the incident electrons are deflected by the mag- 
netic field inside the specimen during the backscattering process. Two sorts of this con- 
trast have been reported: Domain contrast, in which the alternate domains appear bright 
and dark,!-® and wall contrast, in which domain contrast is zero, but bright or dark lines 
are seen along the domain walls.’°® A typical magnitude for domain contrast is 0.4% for a 
silicon-iron sample examined at oblique incidence at 30 kV,! These contrasts must be ex- 
panded by background-subtraction followed by amplification so as to be clearly seen in the 
micrograph. Competing contrasts caused by surface topography must be minimized by a suit- 
able choice of incident angle and collector position. 


Topographte Contrast. Fathers et al.! reported that, for a fixed collector position, 
the contrasts caused by surface topography can be minimized by tilting of the specimen at 
a critical angle. Fortunately, the magnetic contrast is still close to its maximum for 
collector positions that give rise to the smallest topographic contrasts, 

It is a point of some interest to discover under what circumstances the topographic 
contrast can be eliminated by suitable positioning of the detector. The use of a solid- 
state BSE detector that can be moved around the specimen to vary the takeoff angle has 
been described previously.>’® Three positions A, B, and C for the detector are shown in 
Fig. 1; the corresponding images obtained from a copper electron microscope specimen grid 
are shown in Figs. 2(a), 2(b), and 2(c). 

In Figs. 2(a) and 2(c) the detector is positioned with a low takeoff angle. The for- 
ward scattered image shown in Fig. 2(c) shows surface topography very clearly, whereas the 
backward scattered image shown in Fig. 2(a) is less clear. Contrasts caused by surface 
corrugations are of opposite signs in these two cases, For a critical takeoff angle shown 
in Fig. 2(b) the contrast caused by surface corrugations is almost entirely eliminated, 
but the contrast caused by small holes is still clearly visible. From these (and similar) 
micrographs it is concluded: first, that the use of a low takeoff angle in the forward di- 
rection gives the best image of shallow surface corrugations; and second, that these con- 
trasts can be reversed by moving the detector across a point at which they are essentially 
zero, but for certain types of surface feature such as the small holes shown in Fig. 2(b) 
the contrasts do not reverse and so cannot be eliminated by this means. 


Magnette Contrast. Previously it has been stated that domain contrast is at a maximum 
when the incident electron beam makes an angle of 55° with the normal to the specimen sur- 
face, and that it is zero at normal electron incidence.!»2 We have found that if the 
backscattered electron (BSE) signal is obtained by means of a detector that can be moved 
around the specimen, then domain contrast can also be obtained at normal electron incidence, 
and that it can be made to reverse if the detector is moved from one side of the beam to the 
other. Four images that were obtained from a Fe-3.22% Si sample are shown in Figs. 3(a) 
through 3(d); they correspond to the collector positions A, B, C, and D in Fig. 4. (These 
images were recorded with a luF condenser in series with the diode to facilitate contrast 
expansion.) 

In Figs. 3(a) and 3(d) the detector was in the positions A and D of Fig. 4, with a low 
takeoff angle. Topographic contrasts predominate and, as expected, the apparent illumina- 
tion of the sample is from the direction of the detector in each case. In Figs. 3(b) and 
3(c)} the effect of raising the dector until it almost cuts off the incident beam is shown. 


The authors are with the IBM Thomas J. Watson Research Center, Box 218, Yorktown 
Heights, NY 10598. 
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FIG. 1.--Positions for the BSE de- 
tector when sample is examined at 
oblique incidence. 


Direction(s) of 
collector(s) 


FIG. 2.--BSE images at 30 kV of copper 
electron microscope specimen grid in 
positions shown in Fig. 1. Angle of 
incidence, 45°. Field of view mea- 
sures 17 ym from left to right. 
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Direction(s) of 
¢——_—__________» 


collector(s) 


FIG. 3.--BSE images of Fe~3.22%Si sample at detector positions A, BG, 
to show effect of collector position o 


view measures 75 um from left to right 
(c) 112.5°, and (d) 157.5°; 40 kv; 


and D in Fig. 4 
n topographic and magnetic contrasts. Field of 


- [Normal incidence; Uoe- (a) 22.5". (bh) 675° 
1.5 x 1077 A; 80sec scan. ] 
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The topographic contrast has been reduced, The magnetic-domain contrast with normal elec- 
tron incidence (and when operated with a single BSE detector in this way) amounts to 0.1% 
of the collected current at 30 kV, which is about four times smaller than can be obtained 
with an oblique angle of incidence, 

The above experiments were continued by displaying either the sum or the difference 
signal from a pair of diodes in the positions B and C in Fig. 4.9 The magnetic contrast 
that is visible in Figs. 3(b) and 3(c) consists of a superposition of domain contrast as 
defined above, together with wall contrast of a different sort, as can be seen by an ex- 
amination of the difference image shown in Fig. 5(a) and the sum image shown in 5(b). In 
the difference image the domain contrast is enhanced, whereas in the sum image the domain 
contrast is zero but a modified form of wall contrast is seen. The wall contrast seen in 
Fig. 5(b) is smaller by a factor of 5 to 10 than the domain contrast seen in Fig. 5(a). 
If the specimen is tilted towards either detector then the sum image also shows domain 
contrast. 


FIG. 4.--Positions for BSE detector when sample is examined at normal incidence. 


Direction(s) of 


collector(s) 
FIG. 5.--BSE images of Fe-3.22%Si sample obtained with pair of detectors in positions B 
and C in Fig. 4 to show (a) difference image showing domain contrast, (b) sum image show- 
ing wall contrast. (Same recording conditions as in Fig. 3.) 
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The wall contrast shown in Fig. 5(b) is different from that reported previously. In 
Ref. 7 and 8, the signal was obtained from a single BSE detector and the sample was ro- 
tated and/or tiited until the domain contrast was zero, The wall contrast then appeared 
as a narrow bright or dark band centered on the domain wall. In a typical case these 
bands would be alternately bright and dark at the successive domain walls across the speci- 
men. In Fig. 5(b) the contrast appears as a double line, which is bright on one side of 
the domain wall and dark on the other. 

The difference image has the advantage that the effects of beam instabilities caused 
by short-term variations in the brightness of the electron gun and by 60Hz modulation of 
the beam by external fields are minimized in comparison with the images obtained when the 
Signals from either diode are displayed separately. To cancel the effects of beam insta- 
bilities from the sum image it will probably be necessary to obtain the current used for 
background-subtraction from the current that can be collected from the beam-limiting aper- 
ture in the SEM final lens. (Of course, whereas the effects of beam instabilities of these 
particular kinds can be largely eliminated by the difference technique, the random noise 
that arises from statistical variations in the number of signal-carrying quanta at the 
noise bottleneck of the system cannot be eliminated by these means.) 


Coneluston, This work verifies the value of a movable BSE detector for studies of 
surface topography and magnetic contrast. The detailed effects of specimen tilt and col- 
lector position on domain contrast and wall contrast are now being investigated in more 
detail. 
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THE PREPARATION OF CERAMIC SURFACES FOR SELECTED-AREA ELECTRON CHANNELING 
D. L. Davidson and J. Lankford 


The discovery of the phenomena of electron channeling was made by Donald Coates! 
while he observed a fractured specimen of GaAs ceramic in the scanning electron micro- 
scope (SEM). Until recently, studies of ceramics by the beam-rocking technique of se- 
lected area electron channeling have been confined almost solely to Si; in fact, the 
first channeling map ever published was for this material.* This paper reports on chan- 
neling work done on several other ceramics in which the technique of ion milling was used 
for surface preparation. 

With ceramic materials, several problems in specimen preparation must be overcome that 
are not common to metals. As with metals, several ceramics are also conductors; both GaAs 
and Si fall into this category. Generally, a material need not be a particularly good 
conductor, because of the relatively low currents normally required for imaging by sec- 
ondary electrons (10-!! A). However, the electron-specimen interaction which generates 
crystallographically related electron backscattering (channeling) results in a requirement 
for higher beam currents (1078 A) than those required for topographic contrast. Thus, many 
ceramics cannot be used as specimens for electron channeling studies without steps being 
taken to overcome the charging problem created by their insulating properties. Two methods 
have been conceived for solving this problem: (1) coat the sample to be observed with a 
conductive material, or (2) increase the conductivity of the sample itself by implanting 
ions in it. The coating approach is by far the best, because it can be used on any ma- 
terial and is easier to implement than the second method. Carbon is the obvious coating 
material because of its electron transparency, but it must be deposited very carefully to 
insure a very thin coating. Since precise control of layer thickness is difficult, it may 
be necessary to try several times until the optimum coating thickness is obtained. A very 
thin layer must be used because electron channeling contrast is developed within only a 
few hundred atomic layers of the surface; thus, electron absorption by an amorphous layer 
at the surface must be avoided. The conductive coating method has been successfully used 
by Stanley and Ramaswamy for determining the orientation of LiTaQ3 layers, of several orien- 
tations, used in optical waveguide devices. ? 

Another use for selected area electron channeling (besides crystallographic orienta- 
tion) is to assess crystal damage within a small surface area (5-50 um}. This application 
of electron channeling has been extensively used in metals for the study of localized plas- 
ticity, particularly for wear’ and fatigue crack propagation. ° With the increasing need 
for using ceramics in structural applications, it is desirable to extend this technique to 
ceramics as well. Two demonstrations of the usefulness of this capability in ceramics 
have been accomplished. The first was a study of the plasticity associated with identa- 
tion and microfracture in SiC®; the other measured the depth of subsurface damage due to 
the polishing and grinding of Alj03, SiC, Si, and GaAs.” 

The use of electron channeling on structural materials requires careful techniques of 
materials preparation, as often the surfaces have been heavily deformed during manufactur- 
ing operation. With metals, a deformed layer may be made increasingly thinner by grinding 
with smaller and smaller abrasives, with final surface preparation by electropolishing. 
For most metals, this procedure provides a surface free of preparation-induced deforma- 
tion, and having a very thin, uniform oxide layer. 

The chemical and electrolytic removal of material from ceramics is, conversely, an 
uncommon practice, and even when possible, it often requires high temperatures and strong 


The authors are with Southwest Research Institute, P.O. Drawer 28510, San Antonio, 
Texas. The Office of Naval Research supported this work through contract NO0014-75-C- 


0668. 


22 


oxidents. Thus, the chemical removal of plasticity from ceramic surfaces is virtually 
precluded as a viable technique of specimen preparation when localized plasticity is to 
be studied. 

Ion milling, or sputter etching, which is the removal of material by ion bombardment, 
is a technique that has been developed for ihe thinning of both ceramic and metallic spec- 
imens for transmission electron microscopy.® The technique uses low-energy ions and low 
ion currents to prevent substantial damage to the specimen. Rates of material removal 
vary eae material and the configuration of the ion milling fixture, but an often-quoted 
value® is 1-2 ee for a 20° angle of beam incidence at 6 keV, with an ion current den- 
sity of 200 pA/cm2. 

Ion-induced damage thus gan has not been found to be a problem, although defect clus- 
ters have been seen by TEM .8 Very little published information on radiation damage due 
to ion milling in the 1-6keV range is to be found,‘ but several private communications?» !° 
have indicated the following: 


1. Ion damage is generally expected to be,in the form of single vacancies or inter- 
stitial atoms, and to be limited to within 50 A of the surface. Another possibility is 
that 10A-dia. size clusters of defects are formed rather than single defects. 

2. The heat generated by a 100keV TEM electron beam during extended observation may 
be sufficient to cause the clustering of smaller defects into the 100A size that has been 
reported. 8 

From the evidence at hand, it appears that even though the exact naturg of the defects 
is unknown, they are concentrated very near to the surface, within 50-100 A. The depth 
within the material from which the information in an electron channeling pattern is gene- 
rated is not well known. Theoretical assessment has indicated that for beam accelerating 
voltages of 20 to 30 keV, the information depth is approximately 500 A, 

Theoretical estimates also indicate that the total penetration depth for 30keV elec- 
trons in Al is about 3.5 um (35 000 A » Meaning that the channeling information could be 
coming from as deep as 10 000-15 000 A, Aithough the question of the depth of information 
.is not at present resolved, it does appear that the information depth is mucn greater than 
the depth of damage due to ion milling. 

To prepare ceramic specimens for electron channeling studies of localized plasticity, 
the usual grinding and polishing operation, by means of ever smaller abrasive particles at 
normal loads and speeds may be used, as with metals, followed by ion milling, and if nec- 
essary, by coating. The amount of material to be removed 1 to achieve a surface free of 
preparation-induced damage has only been partially determined. 

The damage layer depths due to standardized grinding anc polishing operations were, 
in fact, determined by selected area channeling.® Single crystals of SiC, Alo03, Si, and 
GaAs were prepared by use of both a polishing and grinding procedure. 

The grinding operation was done by gripping a cylinder of each material in a lathe 
chuck, A section 25 um deep was then removed from the exposed face of the specimen by 
one pass of an 800-grit, diamond-bonded cup wheel lubricated by a steady stream of water- 
soluble oil mixture. The 76mm-dia. wheel was turned at 3500 rpm at a feed rate of 25 
um/sec. 

The polishing procedure was as follows. Each specimen was abraded by 600-grit SiC in 
a water-lubricated automatic metallographic preparation apparatus at a load of 2.3 kg. 
Polishing was continued until an equilibrium condition of surface finish was achieved, as 
determined optically. 

The specimens from both surface preparation procedures were then taper-sectioned by 
grinding at 15° to the specimen surface in a Buehler discoplane machine with a 120-grit 
SiC wheel. The specimen was then polished with the same automatic metallographic appara- 
tus described in the previous paragraph, with a load of 0.8 kg, using successively 240, 
320, 400, and 600-grit SiC, then 6um and lum diamond in a lubricant slurry. These sur- 
faces were then ion milled under the conditions given in Table 1. 

Although the removal rate from each material is likely to be different, no better es- 
timate than that given in the Table can be made. The critical point is that the ion 
milling was sufficient to remove the damage induced by the taper section preparation 
technique. Selected area electron channeling patterns from these ion milled taper sec- 
tions are shown in Figs. 1 and 2. Figure 1 shows patterns from deformed and undeformed 
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FIG. 1.--Comparison of channeling patterns made from surfaces prepared by ion milling. 
Surfaces were ground as described in text prior to taper sectioning. (a) Si within de- 
formed region, (b) Si remote to deformation, (c) AljO3 within deformed region, (d) Alj03 
remote to deformed region. 


regions of ground Si and Alo03. Figure 2 shows patterns from deformed and undeformed 
regions of polished SiC and GaAs. The electron-optical conditions used in all cases is 
shown in Table 2. 

The damage layer depths determined for the grinding and polishing operations are 
summarized in Fig. 3, where it may be seen that the damage sustained by each material is 
related to its hardness, as determined by indentation. Thus, depending on the hardness 
of the material, it is necessary to remove different amounts of damage during specimen 
preparation. 


Summary and Conelustons 


1. Localized plasticity may be studied in ceramic materials by selected area electron 
channeling, provided careful specimen preparation procedures are followed. 
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FIG. 2.-- Comparison of channeling patterns made from surfaces prepared by ion milling. 


Surfaces were polished as described in text prior to taper sectioning. (a) SiC within 
deformed zone, (b) SiC remote to deformation, (c)} GaAs within deformed zone, (d) Ga As 


remote to deformation. 


TABLE 1.--Ion milling conditions. 


Ton-beam accelerating potential 5-7 keV 


Ion beam current 500 pA/cm2 
Ion Argon 
Angle of incidence 15° 
Time 10-12 hr 
Estimated material removal 10-20 um 


TABLE 2.--SEM electron-optical parameters used for selected areas. 


Beam energy 30 keV 
Beam current 3 x 1078 A (approximately) 
Beam divergence 4 x 1073 
Rocking angle 7° (approximately) 


Diameter of region channeled 10 um (approximately) 
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FIG. 3.--Depth of deformed material vs hardness. 


2. Surface grinding and polishing operations typical of those used in ceramic material 
preparation procedures were found to produce damage to a depth related to the hardness of 
the material. The approximate expressions are Dg = 100H~°:*° and Dp = 110H7°-53, where 
the hardness (H) is expressed in GPa and the damage depths for grinding (Dg) and polishing 
(Dp) are in um. 

3. Argon ion milling at 5-7 keV for 10 hr at 500 yA/cm* was found to remove the re- 
Sidual polishing damage incurred in specimen preparation, at least to a degree sufficient 
to give channeling patterns indicating no damage. 

4. Carbon coating, if carefully applied, gives sufficient conductivity with minimal 
contrast attenuation; channeling patterns can be obtained from ceramics of extremely low 
conductivity. 
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FULL SURFACE EXAMINATION OF SMALL SPHERES WITH A COMPUTER-CONTROLLED SCANNING 
ELECTRON MICROSCOPE 


C. M. Ward, D. L. Willenborg, and K. L. Montgomery 


Targets for inertial-confinement laser-fusion experiments require 70-300um diameter 
glass spheres that meet precise dimensional requirements, including surface finishes bet- 
ter than a few thousand Angstroms. Interferometry is effective in detecting defects down 
to a spatial width of a micron and is routinely used in target selection.! Submicron- 
wide defects are observed by means of scanning electron microscopy (SEM), where the high 
resolution and easy image interpretation is effective. The main disadvantage of SEM ex- 
amination is that the sample must be permanently attached to a mount which prevents an 
acceptable sphere from being used as a target. A manual-rotation SEM stage demonstrated 
that it is possible to manipulate spheres and examine them through 47 steradians.* Ap- 
plication of this stage to target selection showed that many apparently good spheres con- 
tained unacceptable submicron defects that were not discovered in other inspections. Con- 
sequently, a computer automated stage and SEM system for spheres has been developed (Fig. 
1) that permits examination of candidate spheres prior to inclusion in targets. 

The stage consists of two groups of slides, each with independent Y and Z stepper 
motor-driven motions (Fig. 2). On each slide group is mounted a glass capillary with a 
plane surface formed on the end in conductively coated silicone rubber. A sphere is 
lightly contained between the rubber tips such that when counter Y and Z motions are ap- 
plied the sample rotates in place. By means of the resultant 67 and @y motions, a sphere 
is scanned from pole to pole along lines of longitude. Under computer control micro- 
spheres are sequentially rotated and pictures are recorded at preset points. A simple 
inspection requires around 150 pictures at 1000x; careful evaluations may require more 
than 1000 pictures at magnifications up to 10 000x. During the analysis, the sphere re- 
mains in focus and in the field of view. 

Primary image recording is made on a raster-scanning video disk that is arranged to 
synchronize with the SEM. In normal operation an SEM picture is recorded on photographic 
sheet film. This process is unacceptable for automatic operation and insufficient to 
provide rapid feedback as to system operation. A video disk can store up to 300 images 
with almost instant retrieval and at an acceptable contrast range; however, standard 
units operate at TV sweep rate,:which is too fast to yield adequate signal-to-noise ra- 
tio in SEM pictures. We employ a microprocessor-based system developed in conjunction 
with Information Processing Systems of Belmont, Calif., which has a full-line buffer on 
the input that permits 400-line by 500-point SEM recording at 30-250 sec per frame with 
TV playback. An improvement up to 70 times in signal-to-noise ratio is achieved. Syn- 
chronization of the disk to the SEM permits the computer to tell the disk to step and 
take a picture, with the disk in turn initiating the SEM scan. If the examination re- 
quires more than 300 pictures the system stops at track 299 and waits for the operator 
to record the stored images on videotape before continuing. 

Operation of the SEM is basically unchanged for 47 steradian examination except that 
since some scans of more than 1000 pictures are necessary, total continuous recording 
time may exceed 36 hr. This requirement means that the instrument must have sufficient 
Stability to need no readjustment during this time. Achieving this goal has been a mat- 
ter of electronics adjustment, attention to contamination control, and the use of a sta- 
ble electron emitter. We use a Broers-style electron-bombardment-heated lantanum hex- 
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an account of work sponsored by the U.S. Government. Neither the United States, nor DOE, 
nor any of their contractors, subcontractors, or their employees, makes any warranty, ex- 
press or implied, for the accuracy, completeness, or usefulness of any information, appa- 
ratus, product, or process disclosed, or represents that its use would not infringe pri- 
vately owned rights. Reference to a company or product name does not imply approval or 
recommendation of the product by the University of California or DOF to the exclusion of 
others that may be suitable. 
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aboride (LaBg) emitter? that gives high brightness and stable emission for over 100 hr. 
Experience to date has indicated no problems with SEM stability through even the longest 
scans. 

Figure 3 is a portion of an automated 3000x scan on a 140um glass sphere with a car- 
bon coating of about 100 A. Bach image from upper left to lower right shows the surface 
of the sphere rotated by 24° along one longitudinal scan. Initial 41 scans were made by 


t4 3 um 


FIG. 3.--Computerized 4n steradian SEM scan of a carbon coated 140um glass sphere at _ 
3000x magnification. Steps are 24° along a line of longitude starting from the upper 
left. 


viewing normal to the surface. Although photo mosaics could be made by this procedure, 
they were difficult to use for height measurements. By recording the examination looking 
over the horizon one can detect significant items more easily and a scan can always be 
found with the object in profile for a height measurement. The larger defects in these 
pictures would be detected on an interferometer; however, many small defects at or below 
the resolution of the interferometer can also be seen. The broad light and dark areas on 
the images are due to charging effects from the thinly coated sphere. An analog homo- 
morphic processor is used to suppress this artifact where objectionable levels are en- 
countered. Software also allows a point on the sphere to be rotated to a position where 
a side-looking Si(Li) x-ray detector can be inserted in front of the secondary detector, 
so that analysis of defect compositions can be made. 

This system is proving to be relatively simple to operate and quite versatile. Its 
primary application is currently in the understanding of submicron defects on target 
spheres, and insuring that spheres used in critical laser-fusion experiments meet all 
surface requirements. 
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Monte Carlo Techniques in Electron Microscopy and Microanalysis 


APPLICATION OF MONTE CARLO CALCULATION TECHNIQUE TO QUANTITATIVE ANALYSES BY AUGER 
ELECTRON SPECTROSCOPY ee 


Ryuichi Shimizu, Shingo Ichimura, and Mikio Aratama 


Recent advances in the instrumentation used in Auger electron spectroscopy (AES) have 
made selected area surface analysis with high lateral resolution (less than 1 um) possible. 
This scanning Auger microprobe (SAM) allows us to perform AES studies with a primary elec- 
tron beam of wider energy range than that for conventional AES, which is usually done with 
a primary beam of less than 5 keV. This development may lead to AES with high accuracy 
through improvement of the signal-to-noise ratio by appropriate choice of primary energy 
for operation. 

The use of AES for accurate quantitative analyses, however, has been fairly limited, 
although basic approaches for quantitation have been extensively discussed!>2>° in analogy 
with quantitative analyses by electron probe microanalysis (EPMA).* One of main difficul- 
ties for the quantitative AES analyses is probably a lack of precise knowledge on the con- 
tribution of backscattered electrons to the generation of signals, which is familiar as 
atomic number effect in quantitative EPMA.” 

Since the excitation energy of the signals (characteristic x rays) is usually in keV 
region, we need only take into account the scattering process of electrons with kinetic 
energy greater than a few keV. This fact has made theoretical treatment of the atomic 
number effect much easier. A Monte Carlo calculation, based on the Born approximation for 
elastic scattering and on Bethe's stopping power for the continuous slowing down approxima- 
tion (CSDA), has been widely applied to quantitative analyses by EPMA with considerable 
success.° 

In AES, however, the excitation energy of the Auger signal is usually below 2 keV. 
Hence, theoretical treatment of the atomic number effect is required to describe the scat- 
tering processes of a penetrating electron in the energy region from the primary energy to 
below 1 keV. Here one cannot very well use the Rutherford-type scattering formula, for in- 
stance, which has widely been used in quantitative EPMA for describing the elastic scatter- 
ing of a penetrating electron in a specimen. Furthermore, the low energy for the Auger 
electron excitation leads to a situation in which secondary electrons of high energy can 
be a significant source of Auger signals. 

In the previous paper® we proposed a Monte Carlo calculation incorporating both the 
elementary differential cross sections for inelastic scattering and those for elastic scat- 
tering numerically calculated by the partial wave expansion method (PWEM) as a more compre- 
hensive theoretical approach for quantitative AES analyses. This Monte Carlo approach has 
described the edge effect appearing in a high resolution SAM with reasonable quantitative 
accuracy. This result is encouraging enough for us to attempt further extension of the 
Monte Carlo calculation approach for quantitative AES analyses. 

This paper provides a basic study of the atomic number effect for quantitative AES anal- 
yses by Monte Carlo calculation technique. Since the direct simulation of each individual 
inelastic scattering process used in the previous papers®»’ applies to only a few materials, 
we have attempted to incorporate a semi-empirical stopping power formula proposed by Krefting 
and Reimer® instead of the individual inelastic scattering. The result has described the 
dependence of Auger electron intensity on primary energy obtained with a commercial SAM, 
JEOL JAMP III, with considerable accuracy. 


Baste Model 
1. Elastte Scattering. It has already been pointed out by Krefting and Reimer® that 
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the Rutherford scattering formula is a poor approximation in describing elastic scattering 
of even kV electrons in EPMA studies. Hence, a more accurate differential. cross section 
for elastic scattering is highly desirable. A PWEM calculation for the energy region be- 
low 20 keV allows us to describe the scattering process of a penetrating electron for the 
present study of Auger electron excitation in a specimen. 

From analytical expressions for the Thomas-Fermi-Dirac potential the differential 
cross sections were numerically calculated for various elements by PWEM after Buhring's 
"reduced atomic radius method" as described in detail elsewhere.? The results were com- 
pared with those published by Fink and Yates! and confirmed that the present calculation 
is in satisfactory agreement with them in the energy region from 100 to 1500 eV. 

Figure 1 shows typical examples of differential cross sections for elastic scattering 
for.Al, Cu, Ag, and Au, in which the ratio of the cross section obtained by PWEM to that 
of the screened Rutherford with the screening parameter of Nigam et al.!! is plotted for 
each element so as to permit the determination of the discrepancy between the two cross 
sections after Krefting and Reimer. 


2. Inelastie Scattering, Since Bethe's stopping-power equation based on CSDA provides 
the average rate. of energy loss of a primary electron, one cannot take into account the sec- 
ondary electrons associated with the energy-loss process, which are particularly important 
in determining the generation of Auger electrons of low excitation energy. 

So far as exact knowledge of individual inelastic scattering exists, one can perform a 
direct simulation of the individual inelastic scattering to describe the energy-loss pro- 
cess incorporating the generation of secondary electrons. This treatment, however, can 
only be applied to a few materials (including aluminum) with considerable accuracy and con- 
fidence. Thus, we havé attempted to adopt the Krefting and Reimer"s semi-empirical approach 
in which they used Gryzinski's excitation function for inner shell; for the other excita- 
tions they used the difference between Bethe's stopping power and that due to the inner- 
shell (core) electron excitation: 
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This approach allows us to extend it to a compound specimen quite easily. 
The direct-stimulation approach described in the previous paper and the present approach 


have provided the same results with respect to Auger electron generation for aluminum. Hence 
this result may support the present approach, and we have extended it to copper as mentioned 
below. 

Results 


In order to examine usefulness of the present Monte Carlo calculation to the quantita- 
tive AES analyses we have carried out AES studies on dependence of Auger signals on primary- 
electron energy for aluminum and copper. 

The measurement was done with a commercial type SAM, JEOL JAMP-3. The Auger signal in- 
tensity was measured by the peak-to-peak heights in the dN(E)/dE mode spectra with a modu- 
lation amplitude 5 eVp-p. Both the Auger signals of high and low energies were measured 
by a change in the primary electron energy from 3 to 15 keV at an angle of incidence of 
45°. The primary-beam current intensity was kept constant at 0.2 yA throughout the mea- 
Surement. The measurement proceeded by an increase in the primary energy from 3 to 15 
keV, followed by a decrease from 15 to 3 keV and vice versa. The primary electron energy 
was measured by use of a calibration curve between the reference and output voltage, which 
was checked before and after the measurement. Another check of the primary electron energy 
was also made by measuring the elastic peak with a cylindrical mirror analyzer at low pri- 
mary energies. Although the ambient pressure during this experiment was less than 5 =x 1079 
Torr, the specimen, particularly aluminum, was sensitive to oxidation, which incurred large 
experimental errors. We therefore repeated the sputter-cleaning procedure before each mea- 
surement. Furthermore, to avoid electron-beam-enhanced absorption, the incident beam was 
scanned in the region of about 100 um square during the measurement. 

Both the theoretical and experimental resuits are plotted in Fig. 2 for A1-KLL and -LVV 
and Cu-LMM and -MVV Auger signals for Al and Cu samples, respectively. The results in the 
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FIG. 1.--The ratio of cross section obtained by partial wave expansion method (PWEM) 
to screened Rutherford cross section as function of scattering angle 6 for Al, Cu, Ag, 
and Au. 
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FIG. 2.--The dependence of Auger electron intensities on primary electron energy for 
(a) Al and (b) Cu at angle of incidence 45°: experiment (x) and calculation (0) solid line, 


total intensity of Auger electrons (calculated); dashed line, intensity of Auger electrons 
generated by primary electrons alone (calculated). 


figure are normalized at 7.5 and 6.0 KeV for Al and Cu, respectively, for convenient com- 
parison. The solid line represents total intensity of Auger electron signals; the broken 
line, the intensity of Auger signals generated by the primary electrons alone. The differ- 
ence between the solid and broken lines therefore shows the contribution of backscattered 
electrons and the secondary electrons with high energy. Thus, extending the calculation 

to compound materials one can directly see the matrix effect due to the backscattered and 


secondary electrons, which is of utmost importance for quantitative analyses by AES as well 
as EPMA, 


All the theoretical results were based on 5000 trajectories. 
In conclusion, the present Monte Carlo calculation has described the dependence of Auger 
Signals on primary electron energy for Al and Cu quite well. This result suggests that the 


model used in this calculation provides a practical way for extending Monte Carlo calcula- 


tion technique to various compound materials widely used in practice in quantitative AES 
studies. 
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MONTE CARLO SIMULATION OF ELECTRON SCATTERING AT 1-10 keV AND ITS APPLICATION TO THIN 
FILM ANALYSIS 


Kenji Murata, Masatoshi Kotera, and Koichi Nagami 


The two basic equations have been used in a previous Monte Carlo simulation of elec- 


tron scattering, ! the energy loss equation of Bethe and the screened Rutherford cross sec- 
tion as given in the following. 


dE _ 2netnZ 1.166E 
dx ae a In ie, Mies (1) 


do _ Z(Z + lje* 


pears See) Lee (2) 
dQ 4E64(1 - cos @ + 2g)2 

a: rg)? =. z1/3 

Oe a a 0 ~ 0.885a, 


where yp is a constant determined empirically. In a previous model a value of p = 1.12 is 
used. The simulation has been found to be in fairly good agreement with the experimental 
results for electrons with an energy above 10 keV. However, these equations have failed 
to give agreement with experiments at low energies even for a light element because of 
the Born approximation. The purpose of the present paper is to check the accuracy of the 
previous simulation at low energies in comparison with the experiment and to investigate 
a new expression for energy loss when an expression for the elastic scattering cross sec- 
tion is kept unchanged. A detailed description here will be made only for aluminun. 

First, we checked the results from the old model. The electron range is a physical 
quantity that is well suited to be compared between experiment and theory. Experimental 
results of the extrapolated electron range were collected from various papers.*~’ In Fig. 
1 one example of the results is plotted as a function of energy. Although these results 
are obtained from various measurements such as backscattering, electron transmission, and 
luminescence or energy dissipation, the accuracy of the measurements is not sufficiently 
high to yield a difference among the ranges. The reason the values by Lane and Zaffarano 
are too low seems to be that these investigators used a plastic film to support a thin Al 
film. The previous Monte Carlo results are shown in Fig. 1 for comparison. To prevent a 
failure of Eq. (1) at very low energies, the following equation was utilized.8 


_dE___2ne'nzZ | (3) 
dx 1,26 (JE)1/2 


where E < Einf = 6.3383 eV. The extrapolated range obtained by Gruen? or Everhart and 
Hoff19 (hereafter called the Gruen range) from the distribution of energy dissipation 
comes near the theoretical range. Their results seem to give a good prediction of the 
energy down to 5 keV, as they pointed out. Although there is a fluctuation in experi- 
mental data, it is observed that the accuracy of the calculation becomes worse with a 
decrease in energy, as anticipated. 

Next, we introduced the following energy loss expression by Kanaya and Okayama ,?! 
which was derived from the Lindhard theory for an ion beam: 


The authors are with the Electronics Department of the College of Engineering at the 
University of Osaka Prefecture, Mozu-Umemachi, Sakai, Osaka, Japan. 
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FIG. 1.--Extrapolated range as function of 
primary energy for aluminum. Results ob- 
tained from both new and old models are com- 
pared with experiments. 
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where the parameters s and Ag are arbitrarily 
taken so that the calculated result fits the 
experiment. Any type of the ranges mentioned 
above (backscattering, electron transmission, 
and energy dissipation) can be derived from 
the Monte Carlo calculation. We found a dif- 
ference of about 10% among the ranges; the 
Gruen range was the largest one. We tenta- 
tively adopted the Gruen range in comparison 
with the experimental results in Fig. 1. We 
found from several trials of the calculation 
based on a new model that the parameter s de- 
termines a gradient of the range-energy curve, 
and A, shifts the curve up and down. Making 
use of this insight we obtained s = 1.7 and 
As = 0.07 for Al. The range-energy curve ob- 
tained with the above parameters is shown by 
a solid line in Fig. 1. The calculated result 
obey a power law of the form R = cE? (where 

n = 1.46, c = 8.67 ug/cm* for Al, and E is in 
keV). 

The backscattering coefficient is also an 
important physical quantity to be compared 
with the experiment to check a validity of the 
new model. Experimental data were taken from 
a recent paper by Darlington and Cosslett.!2 
A variation of the backscattering coefficient 
n with electron energy is shown in Fig. 2. 
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FIG. 2.--Variation of backscattering coefficient n with primary energy for aluminum. 
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The agreement between experiment and theory is relatively good, whereas the Monte Carlo 
results with the old model are too low. 

The Monte Carlo simulation with the new model was applied to a prediction of the x-ray 
intensity distribution ¢ (oz). In Fig. 3 calculated results are compared with the experi- 
ments by Brown and Parobek,!3 who used a Si tracer in an Al target. The results are normal- 
ized so that the areas of the ¢ (pz) curves are identical. Although there is a discrepancy 
in the peak position of the curve, we can see a good prediction of the maximum depth of 
x-ray production. 

We also applied the new model to thin-film analysis by the electron-probe microanalyzer. 
The calculation procedure is the same as previously published,!"* except that we did not in- 
troduce the mean-free-path parameter us = (300 + Z)/300 but took us = 1. The parameters s 
and A, for Al were extended to Si and O. In Fig. 4 the k-ratios are shown in a comparison 
between theory and experiment. The results with the old model are also shown in the figure. 
A clear improvement is observed in the k-ratio. 


2.0 FIG. 3.--Theoretical and experimental depth 
x Aluminum distributions of x-ray production for alu- 
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Discussion 


Although a similar variation is obtained in the curve of n vs Eg, there is a large 
error in the absolute value at the very-low-energy end. We can make the backscattering 
coefficient n small by increasing the energy loss rate, because the chance for an electron 
to escape from the sample decreases as the length the electron travels decreases. On the 
other hand, Eq. (4) was evaluated with parameters s and A, determined from a comparison 
with the experiment. A typical value of -dE/dx is 0.76 ev/K at 2 keV, which is very close 
to the value of 0.8 eV/A obtained experimentally by Fitting.15 I£ we change the energy 
loss rate to 0.8 eV/A by making the parameter As large, we can make the backscattering co- 
efficient come close to the experimental value. However, the calculated electron range de- 
creases owing to an increase in the energy loss rate. 

The elastic scattering cross section is an important factor in the control of electron 
backscattering, especially at low energies. We have used the same expression as the pre- 
vious one for the cross section (Eq. 2), and a value of » = 1.12, because the calculation 
of an electron scattering angle is simplified when this type of equation is used. Perhaps 
this expression is no longer valid at low energies. According to a proposal by Nigam et 
al.,!§ we tried another value, u = 1.8. The result for backscattering is shown in Fig. 2. 


of 


A better agreement with the experiment is obtained. The use of yp = 1.8 makes a value of 
the electron range increase by about 20% at 2 keV. Therefore the energy loss rate must be 
increased in order to fit the experimental values. This is in a right direction for a fur- 
ther decrease in the backscattering coefficient n. A value of uw = 1.8 might be a better 
estimate, 

We have done a similar calculation for Au. The old model shows a larger discrepancy 
in the electron range for Au than for Al. From a comparison with experimental results of 
the electron range we obtained the parameters s and A, for Au, which are different from 
those for Al. However, there is a problem in that the calculated backscattering coefficien 
is very large and moreover seems to show a somewhat different variation with energy from th 
experiment. It is clear that a more accurate expression for the elastic scattering cross 
section must be adopted. 
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MONTE CARLO SIMULATION APPLIED TO ELECTRON MICROPROBE THICKNESS MEASUREMENT OF LEAD~TIN 
OXIDE FILMS; 


Serge Cvikevich and Carl Pihl 


The two main objectives of this paper are, first, to show the utility of Monte Carlo 
Simulation as an aid in setting optimum electron microprobe operating conditions in ad- 
vance of data collection; and second, to give an appiecelton in the analysis of a complex 
surface reaction system of lead-tin solders. 

Monte Carlo computer simulation for the calculation of x-ray fluorescence intensity 
excited within a microvolume by a focused high-energy beam is well established and used in 
quantitative electron microprobe analysis.! A specific apple yer en to the simulation of 
thin films on substrates was developed by Kyser and Murata,* and the resulting model and 
programs are used in this work. 

For reasons given in Ref. 2, quantitative analysis is best done at excitation poten- 
tials that result in penetration of a film and involve interactions in both the film and 
substrate. The simulation process is a backward running procedure in that a theoretical 
k ratio is calculated as a function of film composition and mass thickenss (pt) for a given 
excitation potential. Atomic number and absorption corrections are provided. In practice, 
an iterative process is required to produce a family of theoretical calibration curves that 
cover a range of composition and thickness. From these data, a unique combination of compo- 
Sitions and mass thickness exists for which the theoretical k ratios equal the measured ex- 
perimental values. Recent work by Cvikevich and Pihl has shown this approach to be applic- 
able to practical quantitative analysis of refractory thin films of Ta-W and Ti-W. 354 

The present work concerns the surface oxides formed during processing of lead-tin sol- 
ders. Measurement and possible control of oxide mass thickness is the primary requirement. 
Previous study suggests that a complex system of oxide compositions exists. The scope of 
this study covers three lead oxides and two tin oxides, of known composition, as thin fiims 
on both lead and tin substrates. 

Initially, the oxygen (0 Ka) intensity was chosen for simulation. This choice recog- 
nizes the experimental complication in measuring the lead or tin intensity where either 
element is present in both the film and substrate. 

Figures 1 through 4 show the results of simulation of the above combinations, and form 
the basis for the following discussion. Figures 1 and 2 show, for the three lead oxides on 
both lead and tin substrates, the theoretical k ratio versus film thickness at two electron 
acceleration potentials, 5 and 10 kV, respectively. In addition, in each figure an expanded 
region is shown for the nearly linear portion observed. Figures 3 and 4 show results for 
the two tin oxides on both lead and tin substrates, again at 5 and 10 kV. The following 
important observations are possible. 


1. The various oxide compositions produce well-separated 0 Ka intensity vs film thick- 
ness curves. 
2. The substantial difference between the atomic numbers of the two substrates has a 


relatively small effect on O Ka intensity. 

3. The film thickness equivalent to a semi-infinite solid is predicted. This thickness 
is a measure of effective beam penetration beyond which no additional information is ob- 
tained. 

4. The film thickness over which a nearly linear 0 Ko intensity exists is predicted. 
This relationship is important in further experimental measurements. 

5. The effect of electron acceleration potential can be observed, and set initially 
to a nearly optimum value. 


The authors are at IBM Data Systems Division, East Fishkill Facility, Hopewell Junction, 
NY 12533. 
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FIG. 1.--Oxygen Ka intensity (K-ratio) vs film thickness for lead oxide films on lead and 
tin substrates. Electron acceleration potential, 5 kV. 
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FIG. 2.--Oxygen Ka intensity (k-ratio) vs film thickness for lead oxide films on lead and 
tin substrates. Electron acceleration potential, 10 kV. 
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FIG. 3.--Oxygen Ka intensity (k-ratio) vs film thickness for tin oxide films on lead and 
tin substrates. Electron acceleration potential, 5 kV. 
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FIG. 4.--Oxygen Ka intensity (k-ratio) vs film thickness for tin oxide films on lead and 
tin substrates. Electron acceleration potential, 10 kV. 
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In this work, the linear range of 0 Ka vs film thickness is increased by a factor of 
two when the acceleration potential is increased from 5 to 10 kV. However, at the same 
time there is a decrease in the generated 0 Ka intensity. Thus, from the experimental 
viewpoint, there is a trade-off between linear range and measurement sensitivity. An op- 
timum acceleration potential is chosen to give maximum sensitivity consistent with the re- 
quirement for a linear range extending to the maximum expected oxide thickness. 

Monte Carlo simulation answers numerous initial questions and saves a significant 
amount of valuable experimental effort to establish optimum conditions. 

The lead-tin solder oxide system as produced is complex, and in fact contains a mixture 
of oxides depending on the processing conditions in use. .Supplemental analysis techniques 
available for film composition determination include (1) x-ray diffraction, (2)} Auger, 
and (3) ESCA. An independent determination of film composition permits direct calculation 
of mass thickness from electron microprobe measurements. Examples of experimental measure- 
ments on a series of oxides can be given. 
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ELECTRON MICROPROBE ANALYSIS OF ANTIREFLECTION COATINGS FOR SILICON SOLAR CELLS WITH 
MONTE CARLO SIMULATION 


A. Armigliato, A. Desalvo, R. Rinaldi, R. Rosa, and G. Ruffini 


The antireflection coating (ARC) is one of the most important parts of a solar cell 
design.! Most semiconductors have a high refractive index and therefore a high reflec- 
tance, as given by the Fresnel relation at normal incidence (if absorption is neglected): 


R = [(m] - ng)/(n, + ng) ]* (1) 


where R is the reflectance at the interface between the two media of refractive indices 
ny; and ng. If medium 1 is air, n, = 1. 

The refractive index nj varies throughout the sunlight spectrum and ranges in the case 
of silicon, from no = 3.5 at a wavelength A = 1.1 um to no = 6.0 at A = 0.40 um. From Eq. 
(1) it follows that R will vary from 31% at X} = 1.1 um to 51% at 4} = 0.40 pm. Thus, if no 
ARC is applied, the silicon would only transmit into the cell about 70% and 50% of the in- 
frared and ultraviolet portions of the sunlight, respectively. If the reflectance could 
be reduced to zero, the percentage of transmittance would increase to 100%, with a signifi- 
cant gain in electrical output over the bare cell. This simple example illustrates the 
need for low cell reflectance, and then for an ARC.? 

If an ARC is interposed between a medium of refractive index n, and the silicon (index 
No) to minimize R, its index n and its thickness t should satisfy the following equations: 


n = Ynyno (2) 
nt = A/4 (2') 


At A = 0.55 um one obtains n = 2 and t = 700 A for uncovered solar cells; if a cover- 
slip is applied n, = 1.4 and then n = 2.4 and t = 600 A. 

Among the various materiais used as ARCs in silicon solar cells technology, we have 
chosen TiO, since it has both a suitable index and low absorption throughout the visible 
region. 

This paper is part of research undertaken recently to determine the correlations be- 
tween the optical, structural, and compositional properties of these TiOx-based ARCs. 3 
Films of TiO, have been deposited onto silicon substrates by vacuum evaporation of TiO 
with an electron gun in an oxidizing environment (reactive evaporation). Coatings of var- 
ious optical properties have been obtained by variations in the substrate temperature, the 
oxygen partial pressure, and the evaporation rate. The films have been analyzed with the 
ARL-SEMQ electron microprobe of the University of Modena. The accelerating voltage was 
10 keV and the specimen current 250 nA; the crystals chosen were a PET and a RAP for the 
Ti Ka and the O Ka lines, respectively. The k-ratios were obtained by measurement of the 
X-ray intensities in the specimens and in standards of pure Ti and SiO». 

The composition and the mass thickness of the ARCs analyzed were obtained by a Monte 
Carlo computer program, described in detail elsewhere. Here we recall that the progran, 
named CARLONE, is based on the single-scattering model developed by Murata et al.° and ex- 
tended to compounds by Kyser and Murata.® With respect to the previous version, * CARLONE 


Authors Armigliato, Rosa, Ruffini, and Desalvyo are at LAMEL-CNR, via de Castagnoli 1, 
40126 Bologna, and the last named is also at the Chemical Institute of the Faculty of En- 
gineering of the University of Bologna; author Rinaldi is at the Institute of Mineralogy 
of the University of Modena. They are indebted to S. Guerri for the preparation of the 
films and to Drs. G. Celotti, G. Martinelli, and P. Ostoja for the optical measurements 
and many stimulating discussions. 
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was supplied with a numerical convergence method that leads to a wmique solution for 
composition and mass thickness. In this manner the rather tedious graphical procedure by 
Kyser and Murata® is carried out in a straightforward way by the program, which leads to 
a reduction in errors. The mass absorption coefficients employed in the calculations were 
the ones listed by Veigele.’ 

The stoichiometry and the mass thickness of the films examined are reported in Table 1. 
together with the deposition parameters as well as the refractive index measured with an 


TABLE 1.--Deposition parameters, refractive index, stoichiometry, and mass thickness of 
various TiOx antireflection coatings. 
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ellipsometer. The composition of the ARCs proved to be in a substantial agreement with the 
results obtained from backscattering and nuclear reactions experiments. From the data in 
Table 1 it can be inferred that no monotonic variation of the stoichiometry as a function 
of the refractive. index is observed, as can be seen in Fig. 1; rather, the index reaches 
a maximum in correspondence of a composition close to the one of TiO». 

On the other hand, TEM observations show that the films contain crystallites of variou: 
sizes dispersed in an amorphous matrix; the structural analysis of such crystallites indi- 
cates that they are a mixture of crystallographic phases of various titanium oxides. As 
an example, Fig. 2 shows (a) bright-field and (b) dark-field electron micrographs of the 
most crystalline ARC, the film labelled 2A in Table 1. The crystallite size appears to 
have a strong influence on the refractive index: in fact, the index of the film increases 
linearly with the logarithm of grain sizes (Fig. 3). 

This work is in progress, and in the near future we propose to set up a computer pro- 
gram that will allow us to deduce from the ellipsometric measurements the absorption para- 
meter k (nh = n - ik) and hence the percentage of transmittance of the ARCs. This paramete 
will be correlated with the structure and the composition of the above reported films. 
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DETERMINATION OF THIN-FILM COMPOSITION OR THICKNESS FROM ELECTRON-PROBE DATA BY MONTE 
CARLO CALCULATIONS 


N. C. Miller and D. M. Koffman 


The composition and/or thickness of thin films on substrates has been determined by fit- 
ting of theoretical calibration curves obtained from Monte Carlo simulations to experimental 
electron-probe measurements of atomic x-ray intensity ratios k;, by means of the model 
of Kyser and Murata.! Film thickness has been computed for elemental films of Pt and Al 
on silicon, and for PtSi on silicon. The program has also been extended to include the 
case of two films on a substrate, and the thicknesses of Pt films on Al films on silicon 
have been obtained via simulation. The composition and thickness of pseudoternary P205-Si09 
films on germanium, silicon, and aluminum oxide substrates have been treated as well. 

Our program, FILMS, handles up to five elements in each of two films and in the sub- 
Strate. (This number can be easily expanded.) The trajectories of 1000 electrons are fol- 
lowed. In order to conserve computer time, a separate routine is used for the bulk stan- 
dards. For each film composition, theoretical calibration curves of kj vs film mass thick- 
ness eZ are obtained. 

The Monte Carlo calibrations were simulated on an IBM 370/168 computer, and are straight 
lines in Figs. 1 through 7. Experimental k values were measured on a Phillips 4500 elec- 
tron probe. Film thickness was measured by a multiple beam interferometer or a Dectak (for 
thicker films). Films were deposited simultaneously on separate substrates for electron 
probe and for thickness measurements. 

A variety of deposition techniques was employed for coating the substrates. The Al 
films were electron-beam evaporated. The Pt films were rf sputtered simultaneously onto 
Silicon and onto the Al films on silicon. The P,05-Si0» films were fabricated by chemical 
vapor deposition onto Ge and Si simultaneously and onto Alj03 and Si simultaneously. The 
same deposition parameters were used in the two runs. 


Results 


For the thickness of Pt films on silicon, good agreement is obtained between experi- 
ment and theory of both kp; and ko; (Fig. 1). For the Al films on silicon, the experi- 
mental kaj are somewhat lower than theory, whereas the ksi are in good agreement with 
theory (Fig. 2). The discrepancy for aluminum cannot be explained by the absence of a 
secondary fluorescence correction. 

For the PtSi film on silicon, the same pZ value is predicted from the theoretical 
curves by use of the experimental kpt or ksj at three different accelerating voltages 
(Fig. 3}. From kpy, the thickness is determined to be 247 A; from Kgj, it is 283 A. 

(The density is taken from a paper by Andrews).* This result is very insensitive to com- 
position over the range 48-52%Pt; the 50%Pt-50%Si composition was used in the simulations. 

For Pt films on Al films on silicon, the results for kpt vs pZ are in good agreement 
with theory (Fig. 4). When the substrate ksj is plotted vs total mass thickness, holding 
(eZ)a1 fixed, good agreement is also obtained (Fig. 5). For Al, the experimental kA] val- 
ues are again lower than theory (Fig. 6), but the substrate ksj vs total mass thickness, 
With (pZ)py held fixed, are in good agreement with theory (Fig. 7). 

For pseudoternary P205-Si0> films on Ge, Alo03, and Si, theoretical calibration curves 
were simulated for a range of thicknesses and compositions (Figs. 8 and 9). The composi- 
tion is determined by the convergence method used by Kyser and Murata.! Si0,, GaP, and 
Al»503 compound standards are used. For the film deposited simultaneously onto Ge and onto 
Si, the compositions determined are given in Tables 1 and 2. For the second film deposited 
onto Alj03 and onto Si simultaneously, the composition of the film on Alj03 is identical to 
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FIG. 3.--Pt and Si x-ray intensity ratios vs FIG. 4.--Pt x-ray intensity ratio vs Pt mass 
mass thickness, platinum silicide on silicon. thickness, Pt on Al on Si. 
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that on Ge, whereas the composition on Si is 
identical to that of the first film on Si. 
The Si concentration predicted is larger in 
the films deposited on a silicon substrate. 
The predicted film compositions can be com- 
pared with experimental calibration curves 
determined by measurement of the P concen- 
tration with a dc plasma emission spectro- 
meter. The latter method predicted 7-7.5 
wt% P with an accuracy of approximately 
0.5wt%. Agreement between the two methods 
is satisfactory. 


TABLE 1.--Composition of P»05-Si0», film on 


Ge; pZ is 220 wg/cm* at convergence. The 
measured thickness is 1.00 um. 

WETGHT PERCENT ATOMIC PERCENT 
E Sac Dip 
St 379 Zixd 
e) 53.6 67.4 
TABLE 2.--Composition of P»,0s5-Si0, film on 
Si. Predicted pZ is 270 ug/em?. 

WEIGHT PERCENT ATOMIC PERCENT 
P 6.1 4.0 
Si 40.3 Zace 
0 53.6 67.3 


The film mass thickness at convergence 
(220 ug/cm2) is in good agreement with the 
measured film thickness, 1.00 um, which is 
230 ug/em? from the bulk density of SiO. 


ConeLlustons 


The Monte Carlo model of Kyser and Murata 
is in good agreement with experiment for the 
thicknesses of Pt and Al films on silicon and 
for PtSi films on silicon. The model has 
been extended to two films on a substrate and, 
for predicting thickness, is in good agreement 
for Pt films on Al films on silicon. The Al 
experimental kaj values are somewhat lower 
than the predicted values. 

For all these films, the substrate kgj 
value is in good agreement with theory, and 
can be used to measure film thickness. 

The predicted compositions of pseudo- 
ternary P»05-Si0» films of equivalent thick- 
ness and composition on germanium and on alu- 
minum oxide substrates are in excellent agree- 
ment with each other, but are lower in sili- 
con content than the composition predicted 
for the equivalent film on a silicon sub- 
strate. Predicted and measured P205-Si09 
film thickness are in good agreement. 

It appears that more accurate film com- 
positions are predicted when the substrate 


element is not an element in the film (silicon in this case). However, meaningful con- 
positions can still be determined when the substrate element is a significant weight 
fraction of the film. Moreover, film thickness can be predicted even when the substrate 


element is a significant weight percent of the film. 
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MONTE CARLO CALCULATIONS OF ABSOLUTE X-RAY GENERATION FROM SOLID TARGETS 
D. E. Newbury and R. L. Myklebust 


The development of the energy-dispersive x-ray spectrometer (EDS), which has a reason- 
ably constant efficiency of x-ray detection, has led to an increased interest in quantita- 
tive analysis based on a "standardless'’ approach.! In such an analysis scheme, a calcula- 
tion of the absolute intensity of characteristic x-ray production must be made with an ap- 
propriate cross section for inner-shell ionization. As an alternative, in some schemes a 
Single pure element standard is measured, and the required intensities for other pure ele- 
ment standards are calculated relative to this measured standard, again by the use of a 
cross section for inner-shell ionization. Powell has recently reviewed the numerous for- 
mulas available for the calculation of inner-shell ionization.* Most of the available 
formulas are strictly valid for overvoltages greater than 4, where the overvoltage U = E/E,, 
with E the electron energy and E. the critical ionization energy. In electron probe micro- 
analysis, however, the overvoltage is frequently less than 4, particularly for character- 
istic x rays in the range 5-10 keV. Moreover, the generation of x rays occurs from the 
initial value Up,down to U = 1 for electrons that remain in a solid target. It is thus 
necessary to have a cross section that accurately describes inner-shell ionization at low 
overvoltages. From the available information in the literature, it is difficult to assess 
the accuracy of the cross sections in this region, primarily because of the paucity of 
experimental data.2 

Recently, Lifshin et al. have reported new measurements of the absolute x-ray genera- 
tion from solid targets under electron bombardment, as measured by energy~-dispersive x-ray 
spectrometry. ? In order to test the theoretical cross sections against the new data, we 
have carried out calculations of the absolute x-ray generation in solid targets by means 
of a Monte Carlo electron trajectory simulation, which incorporates several of the ioniza- 
tion cross sections. The Monte Carlo procedure is of the hybrid type; it uses single-event 
elastic scattering for the initial portion of the electron trajectory (from Eg to 0.95 Eo) 
and multiple scattering for the balance of the trajectory, to increase the calculational 
speed.* The Bethe continuous-energy-loss approximation is used for the simulation of in- 
elastic scattering.> This Monte Carlo simulation has been extensively tested.° In par- 
ticular, the simulation has been found to yield accurate values of the total electron back- 
scattering coefficient that agree closely with experimental values. A realistic energy dis- 
tribution of the backscattered electrons is also calculated. Finally, the depth distribu- 
tion of the inner-shell ionization has been found to correspond well to experimental dis- 
tributions.* The simulation should thus be capable of accurately correcting for the loss 
of ionization due to electron backscattering. 

At the present time, four cross sections for inner-shell ionization have been examined: 


(1) Bethe (Mott-Massey)2 
Z,b log(cU,) 

Q = 6.51 x 10°29 SPE AES (cm?) (1) 
a 
c K 
where Zy is the number of electrons in the K shell, E, is the critical ionization energy 
(keV), U is the overvoltage, and b and c are constants, with b = 0.35 and c = 2.42 for the 
K-shell. 


The authors are with the Microanalysis Group, Center for Analytical Chemistry, National 
Bureau of Standards, Washington, DC 20234. 
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(2) Green and Cosslett? _ 
7.92 x 10°29 log Uy 
SS (a) (2) 
EC Uy 
(3) Fabre? 
6.51 x 10729 Z, log Uy 


= 
ES Dy (Uy + re) 


| 


(cm?) (3) 


where Dy = 1.18 and Fr = 1.32. 


(4) Worthington and Tomlin® (a modification suggested by Philibert and Tixier’) 


Zyb, log UL 


EU 
Cc 


Q = 6.51 x 10°20 (cm?) (4) 


where by = 0.35, K 


The results calculated with the Monte Carlo simulation for three elements at several 
beam energies are listed in Table 1 together with the experimental results of Lifshin et 
al.% The results indicate that none of the cross sections tested is satisfactory for the 
range of atomic number and beam energy tested. The cross sections produce values of the 
absolute x-ray production which differ among themselves by a factor of as much as 3. For 
nickel and chromium, the Bethe (Mott-Massey) cross section produced results which are 
closest to the experimental measurements; whereas for silicon at low beam energies, the 
Fabre cross section gave the best agreement. 


TABLE 1.--Comparison of calculated and experimental absolute x-ray yields (photons/electro 
steradian). 


Energy Green - Worthington- | Bethe - Mott | Lifshin et al. 

(keV) Cosslett* Tomlin* - Massey* (experimental) 
Silicon 

5 6.S7E-5 

er 1.44E-4 

10 | 2.36E-4 

15 | 4.51E-4 

20 6.96E-4 
Chromium 

10 4.03E-5 

15 1.38E-4 

20 2.69E-4 

25 4.29E-4 
Nickel 

10 8 .78E-6 

15 6.7ZE-5 

20 2 S385 

29 2 ~auEe4 


*The precision of the Monte Carlo calculations is estimated to be + 3 percent. 
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If we consider x-ray generation of one element relative to another (Table 2), the 
Bethe cross section produces values reasonably close to the experimental values at 20 keV, 


but all the cross sections differ significantly from the experimental values at 10 keV. 

The large deviations of the relative x-ray yields predicted by the cross sections tradition- 
ally used in microprobe analysis suggest that the development of a theoretical basis for 
"standardless" or "single-standard" analysis will require a more careful examination of the 
choice of the ionization cross section. 


TABLE 2,--Comparison of calculated and experimental relative x-ray yields. 


Green - | Fabre Worthington-} Bethe - Mott 
Cosslett Tomlin - Massey 


Lifshin et al. 
(experimental) 


Chromium/Silicon 


Further calculations will be carried out with the cross section proposed by Gryzinski, 
which is also recommended by Powell for the low-overvoltage case .*- The calculations will 
be extended to additional elements and beam energies. The absolute yield also depends on 
the exact choice of the stopping power and the fluorescence yield. These parameters will 
be tested in future work. 
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Biological Microanalysis 
ELECTRON PROBE ANALYSIS OF MUSCLE: A PROGRESS REPORT 


A. P. Somlyo, Henry Shuman, and A. V. Somlyo 


‘Muscle contraction is controlled by the level of cytoplasmic free Ca concentration 
that, in turn, is regulated by cell organelles and the surface membrane.!~© Therefore, 
the identification of intracellular calcium storage sites and of the mechanism(s) of cal- 
cium release and uptake are central to the problem of excitation-contraction coupling. 

Much evidence suggests that, in striated muscle, Ca** is released from the terminal cis- 
ternae (TC) of the sarcoplasmic reticulum (SR) by some as yet undetermined trigger mech- 
anism at the triadic junction between the T-tubules and the TC.’*®8 The ability of the sar- 
coplasmic reticulum of striated muscle to accumulate calcium against a large (= 10%) gra- 
dient has been demonstrated in isolated fractions (e.g., 1,3,9), radioautography!° and 
electron-probe analysis of muscles loaded with oxalate, !1 However, because of their high 
permeability to monovalent ions,!*>»!3 isolated SR vesicle preparations do not provide in- 
formation about the tm vivo monovalent ion composition. Specifically, although it is known 
that macromolecular extracellular tracers, such as ferritin, do not penetrate the SR 14.15 
some ion flux studies have been interpreted to show high concentrations of extracellular 
ions (NaCl) in the Sr.!6!7 It was of considerable interest to determine whether the in 
sttu composition of the SR in striated muscle resembled that of the extracellular space, 

to quantitate the amount of calcium that is released during activation, and to determine 
the counter ions, if any, that may move into the SR during calcium release to maintain elec 
tron neutrality. 

In smooth muscle, the role of the sarcoplasmic reticulum as a calcium storage site has 
also been established,!®»!9 but the sparsity of SR in at least some smooth muscles2? raised 
the possibility that mitochondria may also serve as calcium stores. This communication sum 
marizes results obtained with electron-probe analysis of muscle dealing with some of the 
above questions, which are described in greater deal elsewhere.!7>21-2 

Muscle, in retrospect, was a fortunate choice for biological electron-probe analysis. 
Tension can be monitored in bundles (or single fibers) of striated muscles that are suffi- 
ciently small for rapid freezing and can be dissected without damage and associated ion 
movements. That is an important consideration, because diffusible elements can only be 
quantitated in rapidly frozen tissues, and even with the best available techniques only the 
superficial, approximately 5-20 um of tissue is frozen without electron-microscopically de- 
tectable ice crystal formation.” Furthermore, normal muscle contains no large aqueous do- 
mains, sah as the lumen of epithelial organs, which require the use of frozen hydrated sec- 
tions to prevent the collapse and loss of the solutes contained in the aqueous compart- 
ment ,2°»2© so that quantitative electron probe analysis of dry cryosections of muscle is 
feasible. This is an advantageous approach, inasmuch as the considerable contrast gained 
in dehydrated (as compared to frozen hydrated) specimens?°»*’ permits visualization of 
small organelles, such as the SR. In addition, the x-ray background that would originate 
from water is absent in dry specimens, which leads to improved sensitivity of analysis. 

The preparation and freezing of tissues in supercooled liquid freon 22,17>24 the freez- 
ing rates attainable,?® and our methods and instrumentation for quantitative electron probe 
analysis have been described.29-3% To minimize contamination and radiation damage, we find 
the use of a high-vacuum electron microscope and liquid-nitrogen-cooled stage important, 
and for some experiments, essential, Our current instrument is equipped with a field-emis- 
sion source operated usually at 80 kV, We have used a variety of grid materials suited for 
specific applications. including copper, titanium, nylon, stainless steel, and beryllium. 
The contribution of extraneous (largely generated by grid material) x-rays has been mini- 
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mized by spray apertures, and the continuum contributed by the grid is scaled to the char- 
acteristic (Cu or Ti, etc.) peak and subtracted.22 This procedure, together with the 

choice of the continuum used for quantitative thin-section analysis (1.34-1.64 kV), suf- 
ficiently reduces the error due to extraneous contributions, to permit analysis well within 
the approximately 15% precision of the measurements. In a typical analysis of a 100nm- 
thick cryosection of muscle, the continuum counts (before subtraction) due to the copper 
grid in the 1.34-1.64 region are only approximately 6% of the continuum count due to the 
specimen. The interference by the Cu L with the Na peak does not preclude quantitative 
analysis of sodium in specimens on copper grids, since commercially available detectors 
combined with a multiple-least-squares fitting routine can readily resolve the two peaks 
separated by 100 eV,*? and sodium values not significantly different from those obtained 

on copper grids have been obtained from cryosections on titanium grids.*? Nevertheless, 

for analysis of relatively low concentrations of Na, avoidance of the Cu line is preferable, 
and we suggest that further improvement in quantitation could be gained by the use of beryl- 
lium grids if the specimen-generated continuum can be included as one of the parameters in 
the fit.29 Manufacturers should also be urged to provide better beam collimation and shield- 
ing from radiation generated in the column. 

With the instrumentation described and with a conventional source, analysis of the iron 
core of a single ferritin molecule was feasible,?? and with a field-emission gun x-ray maps 
have been obtained from Hg-labelled tropomyosin paracrystals 4 showing the characteristic 
40nm period. 

In strtated musele, the major result of electron probe analysis was the demonstration 
that, both at rest and during a tetanic contraction, the NaCl content of the TC of the SR 
resembles that of the cytoplasm rather than that of the extracellular space,!7>92!93* vVati- 
dation of the preparatory techniques used for this work included the demonstration of a 
sharp and quantitative boundary between the intracellular and extracellular domains! 7» 24 
and excellent agreement between the results of quantitative electron-probe analysis and 
bulk chemical measurements of the most reliably measured intracellular ions (K and Mg) in 
both striated!” and smooth muscle.22 These findings indicate that significant trans loca- 
tions of diffusible elements do not occur, at least across membranous domains, during freez- 
ing or cryosectioning at -100 to -130°C and subsequent freeze-drying. 

The high concentration of calcium (66-100mmol/kg dry weight) in the TC of the SR con- 
firms their role as calcium sequestration sites.!-3 Ongoing studies in our laboratory have 
shown that approximately 60% of this total calcium can be released during a tetanus ,?" with- 
out the uptake of an equivalent amount of Na, K, or Mg. The latter findings suggest that 
proton movements or a change in the net charges on calsaequestrin? may maintain electro- 
neutrality in the TC during (massive) calcium release. 

Granules containing high concentrations of Ca and P were observed in some of the longi- 
tudinal tubules of the SR in muscles treated with hypertonic solutions,!’ which suggests 
that some of the uncoupling of contraction by hypertonicity may be due to a translocation 
of calcium from the TC to the longitudinal tubules. In addition, however, hypertonic so- 
lutions also cause swelling of the T-tubules of striated muscle,!’»?5 and we note that the 
spatial resolution attainable with stationary probes is sufficient (at least 50-100 nm) to 
resolve the different composition (high NaCl) of the lumen of the T-tubule vacuoles and the 
adjacent cytoplasm in both hypertonically treated and in fatigued muscles.!’»22 Further- 
more, electron probe analysis of fatigued muscle also demonstrated that the Ca content of 
the TC is not reduced and that mitochondria contain normal (low) concentrations of Ca, 
which indicates that neither the absence of activator Ca from the TC nor mitochondrial un- 
coupling due to Ca loading of these organelles can be implicated in the mechanism of fa- 
tigue. 

In smooth muscle, bulk chemical methods have shown an excess of cellular Cl over that 
predicted by a Donnan distribution. 36-39 Electron-probe analysis of dry cryosections of 
rabbit portal-anterior mesenteric vein (PAMV) smooth muscle verified the high cellular con- 
centration of Cl, and also established that it is distributed Pirougnout the cytoplasm and 
not sequestered in organelles such as the nucleus or mitochondria.“ Again there was excel- 
lent agreement between the Cl content of PAMV smooth muscle measured with electron-probe 
analysis and independent bulk chemical measurements of the same tissue .23,38 

The composition of the cell nucleus has also been compared with that of the cytoplasm 
in smooth muscle,?? and the results of these analyses and those of several laboratories on 


a 


a variety of cell systems converge to the same general conclusion that the nucleus is not 
a site of Na or Ca sequestration.*? Mitochondrial Ca has Leen measured in resting PAMV 
smooth muscle and in preparations frozen after a maintained contracture of 30 min. In 
neither of these conditions was the Ca concentration in the mitochondria significantly 
higher than in the adjacent cytoplasm, which indicates that, unlike the SR, the mitochon- 
dria (at least in PAMV smooth muscle) are not major sites of calcium sequestration.?? How- 
ever, given the comparatively high minimal concentration detectable by electron probe anali- 
ysis (approximately 2mmoli/kg dry weight with the parameters used) and the fact that we are 
measuring total rather than free Ca, the electron-probe studies do not exclude the possi- 
bility that there is a higher concentration of free Ca in the mitochondrial matrix than 
in the cytoplasm. Nevertheless, if the mitochondria were able to accumulate Ca with an ap- 
parent affinity notably higher than the 17yM value measured in vitro,*® a detectable in- 
crease in mitochondrial Ca content would have been expected after a 30min maintained con- 
traction during which cytoplasmic free Ca is thought to rise to micromolar levels. This 
is an example of the usefulness of electron-probe analysis in determining whether an ap- 
parent Ky, measured after isolation of mitochondria tm vitro is significantly different fron 
that present in the intracellular environment. The fact that mitochdndria can accumulate 
high concentrations of Ca in sttu, if cytoplasmic Ca** rises to abnormally high levels, 
has also been verified. Mitochondria in damaged PAMV smooth muscle cells, like in a vari- 
ety of other damaged cells, contained granules consisting of large amounts of Ca (up to l1.§ 
mole/kg) and P.23 The significance of such mitochondrial Ca granules cannot be evaluated 
without quantitative analysis of the cytoplasmic concentration of diffusible elements (Na, 
Cl, K). We consider that, unless proven otherwise, such mitochondrial granules are evi- 
dence of cell damage either prior to or during preparation of the tissues. Indeed, althougl 
preliminary studies in this laboratory have previously demonstrated mitochondrial granules 
in cultured vascular smooth muscle cells thought to be normal,*! more recent studies showex 
that the presence of such peates is associated with abnormally low cytoplasmic K levels 
suggestive of cell damage.t* However, mitochondrial calcium is high in mitochondria iso- 
lated from apparently normal bovine arteries, and the Ca and Mg content is further increass 
in atherosclerotic bovine vessels.'3>4* Therefore, variations in mitochondrial Ca content 
related to tissue, species, and pathological processes still remain to be clarified. 

We conclude that electron-probe analysis of cryosections has been uniquely suitable 
for obtaining information about the subcellular composition of muscle and its organelles 
during rest and contraction. 
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ELECTRON PROBE MICROANALYSIS OF BULK FROZEN HYDRATED BIOLOGICAL SAMPLES 


Claude Lechene 


Analysis of unbound elements in biological tissues is of prime importance in cell phys- 
iology. Three main different approaches exist: that of the Hall's group in Cambridge, 
analyzing frozen hydrated sections approximately 1 » thick!; that of Somlyo analyzing 
ultrathin (approximately 100nm) cryosections of muscle, subsequently freeze dried*; and 
the analysis of frozen bulk specimens, approached by Marshall, 3 Fuchs, and our group.° 

The analysis of frozen bulk biological specimens is of prime importance in renal 
physiology, where large spaces (tubular lumens) contain no organic matrix, which leads to 
important ion translocations during drying. The principle we follow to justify electron- 
probe analysis of frozen hydrated bulk biological specimens is that at liquid-nitrogen 
temperature, a biological tissue is similar to a geological sample and could be prepared 
and analyzed as if it were a piece of rock, Analysis of volumes of a few cubic microns 
would bring important information to cell physiology and particularly to renal physiology. 

Towards this aim the biological sample should be quenched, prepared under liquid nitro- 
gen, transported into the probe column without rewarming and without trapping frost, and 
maintained in the probe stage at very low temperatures during analysis. 

We have now developed the following steps. The sample is quenched in solid nitrogen, 
which contrary to the report by Costello and Corless® (who used a slush of liquid/solid 
nitrogen) freezes faster than any freon. (We have observed, on bulk samples, contamina- 
tion by chiorine after using freon 13 and contamination by bromine after using freon 13B.) 
When frozen, the sample is transferred to a working station, where it is prepared under 
liquid nitrogen. It is trimmed by means of dental tools. It is mounted in a copper hold- 
er by means of a mixture of glycerol and ammonium acetate. The surface to be analyzed is 
exposed by a special diamond cutting saw (Red Blazer, 4 x 012 x 021 x 518, Raytech Indus- 
tries, Inc.,Stafford Springs, Conn.), immersed in the liquid nitrogen. When the surface to 
be analyzed is exposed, the copper holder with the sample is placed in the bottom of a 
special copper container filled with liquid nitrogen, which is transferred from the work- 
ing station to an interlock chamber located on the probe column of the Camebax instrument. 
The interlock chamber is closed and the small chamber is evacuated with a sorption pump. 
The copper holder is then inserted under a vacuum into the frozen stage of the probe col- 
umn. The entire operation takes less than 2 min. When in the interlock chamber the sam- 
ple is under liquid nitrogen. When the chamber is pumped, the sample is in an environ- 
ment of cold nitrogen. In the electron probe, the copper holder is kept cold (-190°C) in 
the instrument stage cooled by circulation of liquid nitrogen. 

The system we use is a modified Camebax electron probe made in France by Cameca, with 
three wavelength-dispersive spectrometers and one energy-dispersive spectrometer. The 
photomicroscope attached to the probe column has proved invaluable for sample monitoring. 

We have modified the vacuum of the probe to be oil free. Rough pumping is done by a 
membrane pump (KNF Neuberger, NV770-3-7E, Princeton, N.J.) down to 2 Torr. From 2 Torr to 
0.01 Torr a sorption pump (Vac Sorb 941-6501, Varian, Palo Alto, Calif.) is used. Below 
0.01 Torr the column is pumped with a cryogenic pump (Cryo-Torr model T, CTI Cryogenics, 
Waltham, Mass.). All vacuum grease has been eliminated. O-rings are made in Vitton. Vac- 
uum below 9 x 1078 Torr at room temperature and of 5 x 10-® Torr when the stage is cold are 
reached. No contamination was observed, even when observing ultrathin sections with the 
true transmission electron microscope attachment. Return to atmospheric pressure 1s made 
with ultra clean nitrogen. 


The author is director of the National Biotechnology Resource in Electron Probe Micro- 
analysis at the Harvard Medical School. This work has been supported by National Insti- 
tutes of Health under grant RR-00679. 
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We have recently observed an important contamination containing chlorine appearing 
when the stage is cold, This contamination is attributed to a leak between the column 
and the space containing the coil of the objective lens, which is cooled by circulation 
of freon. 

As liquid-droplet analysis has become a routine method for analysis of picoliter 
volumes of micropunctured samples, it is hoped that frozen-hydrated bulk sample analysis 
will provide a general method for elemental analysis of femtoliter volumes of cells and 
extracellular spaces in biological tissues tn sttu, 
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SECONDARY ION MASS SPECTROMETRY: APPLICATIONS TO BIOLOGICAL PROBLEMS 
Margaret S. Burns 


Many biological problems require localization and measurement of elements in tissue. 
Each problem has individual requirements for localization (spatial resolution) and mea- 
surement (limits of sensitivity}. To choose an analytical method consonant with the re- 
quirements of the specific problem, one needs to understand the basic capabilities of the 
instrumentation. 

Secondary ion mass spectrometry (SIMS) is an analytical method that detects the sec- 
ondary ions produced by bombardment of a sample surface with primary ions such as oxygen, 
nitrogen, argon, or cesium. The secondary ions are formed within the sample surface as 
the surface is eroded by sputtering; the secondary ions thus reflect the surface composi- 
tion. These sputtered ions are separated in a mass spectrometer, a mode of detection with 
a high signal-to-background ratio. Because the secondary ions arise from the sample sur- 
face an analysis in time can yield three-dimensional information on the sample composition. 
The secondary ions may be analyzed in four different modes: (1) a mass spectrum; (2) ion 
images, (3) quantitative ion counts, or (4) depth profiles. 

The advantages of a mass-spectrometric detection method are its universality and high 
signal-to-background ratio. Thus all isotopes from mass/charge = 1 (H} to m/e = 300 may 
be detected; that includes isotopes such as deuterium, and light elements that are other- 
wise difficult to detect such as lithium and beryllium.2 The background noise is less 
than 3 cps, so that low signals are readily detected. Mass spectra of different classes 
of organic chemical compounds show similar peaks. The spectra of different types of tis- 
sue areas also have a general similarity, which suggests that the process of secondary-ion 
formation is similar for biological structures known to be composed of different macro- 
molecules. The relative yield of secondary ions (the number of secondary ions produced 
per incident primary ion) is a complex variable but is high for many elements of biolog- 
ical interest such as Na, Ca, K, and Mg. Improved instrumentation has increased the avail- 
able mass resolution to a resolving power of 5000, sufficient for separation of most hydro- 
carbon interferences. 

Ion images may be formed by direct imaging by means of an ion optical system, or by 
the collection of signal from a scanned primary-ion beam. The spatial resolution of an 
ion image is about 0.5 u. The ion image is useful because the composition of a relatively 
large area (25 to 250 u in diameter) can be observed in pictures taken in a few seconds 
and because images from exactly the same specimen can be compared. The rate of sputtering 
is a few Angstroms per second so that compositional information may be obtained by sputter- 
ing as little as tens of Angstroms. The exact parameters depend upon both instrumental 
operating conditions and tissue composition. Images of ocular tissue show a completely 
different distribution depending on the mode of tissue preparation. 

Quantitation of ion counts by SIMS is difficult to do from a theoretical basis because 
a satisfactory theoretical model for secondary-ion emission is lacking. However, empir- 
ical standards for analysis of biological tissues can be used for quantitation. A model 
using water-soluble elements in gelatin films has given good empirical standards for Li, 
Rb, and Sr.? Since the secondary ion spectra of different compounds and tissues are gen- 
erally similar, these protein standards may be suitable for all tissue areas. Standards 


The author is in the Department of Ophthalmology and Biochemistry of Montefiore Hos- 
pital and Medical Center/Albert Einstein College of Medicine, 111 East 210th St., Bronx, 
NY 10467. This work was sponsored in part by Grant EY 02093 and a Research Career Devel- 
opment Award EY 00104-01 from the National Institutes of Health; and grants from the 
National Society for the Prevention of Blindness, Inc., and from Research to Prevent 
Blindness, Inc., both in New York, N.Y. 
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of apatites have been used for mineralized tissue, although recent studies of geochemical 
samples may indicate that quantitation is more complex in these minerals .+»° 

SIMS has been used for depth profiles of biological tissues in the study of fluorine 
deposition in teeth.© This potentially powerful use of surface analysis has two problems: 
(1) preparation of a flat tissue surface to present to the primary ion beam in order to 
achieve maximum depth resolution, theoretically 50-100 A; (2) differential sputtering 
rates due to tissue interaction with the primary ion beam. Scanning electron microscope 
studies of sputtered tissues may be used to gauge the severity of the ion-etching process. 

SIMS, in common with other microanalytical methods that achieve localization and mea- 
surement, has advantages and disadvantages. The optimum-method for any biological problem 
depends upon two factors: (1) the exact parameters of the problem being investigated, and 
(2) the exact instrumental operating conditions used. A comparative study can demonstrate 
this point. 
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RECENT ADVANCES OF LASER MICROPROBE MASS ANALYSIS (LAMMA) AS APPLIED TO BIOLOGICAL AND 
ENGINEERING SPECIMENS 


R. L. Kaufmann, H. J. Heinen, M. W. Schurmann, and R. M. Wechsung 


During the preceding MAS Conference a new laser microprobe mass analyzer (LAMMA) for 
biomedical purposes was introduced. An extensive description of the principle and of the 
LAMMA instrument, as well as some examples of its application, were given in the proceed- 
ings of that conference! and in several other papers.* > During the past year the follow- 
ing improvements of the LAMMA instrument have been achieved: 


e Detection limits for many elements, especially for heavy trace elements such as Pb, 
Ba, or U, could be further improved and have reached sub-ppm levels in many cases (Table 1). 

@® Mass resolution has been increased to M/AM = 850 by means of a "'time focusing" ion 
reflector in the TOF (time of flight) mass spectrometer which SOMDEPS HESS for the spread 
of initial ion energies (see also Fig. 1). 

@® Reproducibility from shot to shot was improved to +5% SD in standard specimens. 

e For sampling bulk specimens-‘a modified version of the LAMMA instrument has been de- 
veloped. First preliminary results are promising. 


TABLE 1.--Detection limits of LAMMA instrument (Dec. 1978). Data refer to analyzed volume 
(about 3 x 107/83 g) of organic-matrix material and to the condition that polyatomic frag- 
ments of matrix do not interfere with atomic mass signals to be measured. Data in paren- 
thesis refer to standard reference specimens prepared by Spurr's low-viscosity medium. 

Here organic. "background" peaks interfere with Cu and Sr signal. 
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FIG. 1.--Schematic drawing of modified LAMMA instrument. Time-focusing ion reflector has 
been introduced into time-of-flight (TOF) spectrometer to compensate for spread of initial 
ion energy. 


Quantitative Analysts; Compartson of LAMMA and SIMS 


Linear signal intensity-concentration plots and comparably fair reproducibility (Fig. 
are the basic prerequisites for a quantitative analysis. For absolute quantitation, how- 
ever, data such as the evaporated volume, ion yield, and the (mass-dependent) ion/electron 
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FIG. 2.--Calibration plots determined for Li and Pb in epoxy resin standard specimen. 


conversion efficiency of the SEM must be known. For variations of the evaporated volume 
one may correct by referring to an internal standard which, in the simplest case, might 

be the integrated organic background, whereas the other variables require either the in- 
troduction of element-specific sensitivity factors (as in the ion microprobe) or the use 


of appropriate standard reference materials. 
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When comparing LAMMA and SIMS one must bear in mind that the formation of ionized par- 
ticles is basically different in the two instruments. In the laser probe, eléctron-atom 
collisions seem to be the dominating ionizing processes, whereas in SIMS ionization energy 
is directly transferred from the primary iodns to the surface lattice atoms. 

That is why in LAMMA-analysis the ionization potential (positive ions) or electron af- 
finity (negative ions) are practically the sole determinants for ion yield. Also, in SIMS, 
ion yield is related to the ionization level by an inverse exponential function but the 
main determinants are chemical bondings and matrix composition such that ion yield can 
vary over three to five orders of magnitude depending on matrix composition. §® Ion yield 
of heavy elements in SIMS is further influenced by the mass ratio of primary and secondary 
ions, such that sensitivity basically tends to decline with increasing Z-number. First 
comparative studies indicated that with LAMMA absolute and relative sensitivity for heavy 
trace metals such as Pb, Ba, or U are better than in ion microprobe mass analysis (Table 2). 


TABLE 2.--Semiquantitative guide to relative SIMS and LAMMA sensitivities for various ele- 
ments (normalized to Na = 1). The numbers in brackets are approximated minimum detection 
levels in ppm. 


*Taken from G. R. Sparrow.® 
**Preliminary estimates. 


Reeent Appltecattons 


The work done on biological materials is much beyond the scope of this paper. Some 
representative examples may suffice. 


Retina Tissues. In a recent ion-probe study M. Burns-Bellhorn unexpectedly detected 
rather large amounts of barium in the retinas of cats and cows.’ In collaboration with 
the present authors, a cross check study was done by means of LAMMA analysis in human, 
cat, and frog retina tissues that consistently demonstrated the presence of Ba (in associa- 
tion with Ca and Mg) in alli three species. As shown in Fig. 3, the barium is strictly lo- 
calized to the pigment granula of the pigment epithelium and the choroid. (See also the 
ionic profiles of Fig. 4b.) A first quantitative approximation by reference to Ba stan- 
dards gave an estimate of 20-50 mM Ba in the pigment granula, whereas only trace amounts 
of Ba were found in other cell layers of the retina. Nothing is known so far about the 
physiological significance of Ba. 


Atrborne Partteles. Owing to the increasing pressure for environmental controls, a 
new branch of microprobe analysis centers interest on the microchemical identification of 
aerosols. Analysis of single particles has been attempted by all microprobe systems avail- 
able so far including EPXM,® SIMS,9 Auger spectroscopy ,!° and laser Raman microprobe analy- 
sis.!! With respect to the highly nonhomgeneous nature of most airborne particles, sur- 
face sensitive methods (SIMS, Auger spectroscopy) are of limited use. On the other hand, 
methods allowing bulk analysis (EPXM, Raman probe) are not always sensitive or selective 
enough to provide the desired analytical information. 

Here, LAMMA may fill in a gap, since it analyzes the whole volume of a microparticle 
at once and provides analytical information about the atomic and molecular constituents 
with high sensitivity and selectivity. 

In a first systematic study, Wieser et al.!2 used the LAMMA instrument for microprobe 
analysis of atmospheric particles (0.5-5 wm in size; see Fig. 5) collected from the air- 
borne state near the ground. Because of the unique “high-speed analysis," in which a par- 
ticle is analyzed in the time it takes to focus the microscope and ink-write the mass 
spectrum (about 30 sec for an experienced operator), some hundreds of particles were an- 
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FIG. 3.--(a) Transmission electron micrograph of human retina tissue showing five laser 
probed areas of interest. Calibration bar corresponds to 1 pm. (b)LAMMA spectra obtained 
from the five areas of interest of (a). Note appearance of Ba signals in records 2, 4, 
and 5 (pigment granula). 
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oF... Lc aa = FIG. 4.--(a) Light micrograph of unstained 
section through ocular wall of cat eye fea- 
Mg turing two rows of laser impacts. Top, 
transmitted light (TC); bottom, phase con- 
trast (PC). Mean diameter of probed areas, 
2um. PE = pigment epithelium, ROS = rod 
Ba outer segment, RIS = rod inner segment, 

ONL = outer nuclear layer, OPL = outer 
plexiform layer, INC = inner nuclear layer, 
IPC = inner plexiform layer. (b) Concen- 
tration profiles for Na, K, Mg, and Ba 
obtained from specimen shown in (a). 
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FIG. 5,~-REM micrograph of airborne particles deposited on thin formvar film. Note 
laser-probed area (diameter about 0.8 um) at center (where one of the smaller particles 
had been located). (Courtesy of Wieser et al.}2) 


alyzed to determine whether classification histograms give meaningful information about 
mixed aerosols, which turned out to be possible. The high yield of (mostly organic) neg- 
ative ions typical for the LAMMA principle proved to be of great advantage in character- 
izing the organic constituents of the airborne particles. Typical molecular fragments 
were OH , CoH , CoHo , CN , CoH3 , NOo , CO3 , NO3 , HNO3 , SO3 , HSO3 , and SO, , where- 
as inorganic (metallic) constituents usually show up in the spectrum of positive ions [as 
atomic or metal (hydr)oxide ions] (Fig. 6). In 30% of the particles trace amounts of Pb 
could be detected. 

In another study the present authors attempted to classify airborne particles (col- 
lected in a coal mine) that were taken up by human lymphocytes after preincubation in 
vttro. (The specimens were provided by Prof. Bruch of the Institute of Hygiene and Oc- 
cupational Medicine at the University of Essen.) We were able to show that the lymphocytes 
preferred to take up, by phagocytosis, particles of predominantly organic (pit coal) com- 
position; whereas particles of basically inorganic chemical nature (containing mainly Na, 
Al, K, Fe, and Ca) were found to remain to a significantly higher extent in the extracellu- 
lar space. 


LAMMA Analysts of Organte Compounds 


Two aspects have been investigated further, one of which is unique to the LAMMA princi- 
ple: 


1. Microprobe analysis of labelled organic compounds. 

2. Mass spectrometry of pure crystalline organic materials. 

As to the first point, the sensitivity of the LAMMA-instrument should be sufficiently 
high to make a search for trace amounts of labelled organic compounds or drugs possible. 
For labeling, any covalently bound atom of high ion yield may be a suitable candidate. 

No efforts have been made so far to produce compounds especially designed for this purpose. 
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However, in a preliminary attempt, fluorinated derivatives of cardioactive drugs were 
tested in the form of standard specimens (the drugs were dissolved in an epoxy resin at 
known concentrations} and in cardiac tissue sections. In the LAMMA-spectrum of negative 
ions (Fig. 7), an F-signal was recorded down to detection limits in the range of 10-7" mo- 
lar with respect to F. In cardiac tissue sections, intracellular accumulation of one of 
these drugs was evidenced. Since F is certainly not the best choice for this purpose, a 
systematic search for a more appropriate label (for instance Si instead of C) will probably 
end up with much lower detection limits and may thus possibly produce a new tool for the 
study of subcellular pharmacokinetics. 

As to the second point, the LAMMA principle--much to our own surprise--turned out to 
be rather advantageous in mass spectrometry of pure organic compounds. First, it is a 
very easy-to-handle ion source for any kind of solid organic material otherwise difficult 
to ionize. One simply needs a few very small (1-10um) crystals visibly deposited on a 
thin supporting foil. Second, nanograms to picograms of material, rather than the micro- 
grams usually required for conventional organic mass spectrometry, are sufficient for a 
full analysis. Third--and this is the most exciting point--LAMMA mass spectra will be ex- 
tremely simple if the laser power in the focus is reduced. As shown in the example of 
Fig. 8 the LAMMA spectrum of a heterocyclic organic compound obtained with a "smooth laser 
shot" consists only of a few lines (including the parent molecule and some larger fragmen- 
tation products). However, with increasing laser power fragmentation increases drastically 
although the signals of the parent molecule and other larger fragments still persist. The 
last and also rather unique feature of organic LAMMA analysis is the occurence of about 
equal amounts of negatively and positively charged ions. In electron-impact ion sources, 
negative-ion yield is only about 0.01-0.001 of the positive-ion yield, which is considered 
to be too low for useful analysis; but laser-induced ionization opens an easy access to 
this hitherto rather neglected field of organic mass spectrometry. All that has been done 
so far indicates that the mass spectrum of negative molecular ions provides us with a great 
deal of complementary information not contained in the mass spectrum of positive ions. In 
the LAMMA instrument, recording either ion group is simply a matter of actuating a single 
pushbutton. 
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FIG. 8.--LAMMA spectra of positive and negative ions obtained from small (1-2um) crystals 
of heterocyclic organic compound. Note simplicity of mass spectra recorded at reduced 
laser power. 
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LAMMA Applicattons tn Nonbtological Matertals 


Although primarily developed for biomedical purposes, the LAMMA instrument has already 
been used for microprobe analysis of numerous technical and geological materials, ranging 
from dust particles of cosmic origin in the depth of the Rhéne glacier to fragments of a 
Roman amphora. 

To give just one example that may possibly have some general implications for future 
microprocessing of thin films of dielectric materials or of layered sandwiches of conduct- 
ing and nonconducting materials, a LAMMA application is shown in which the problem was to 
produce "sensitive spots" of 2-3 um in diameter on the surface of a pOo-sensitive micro- 
electrode (Fig. 9). The electrode consisted of a needle-like quartz substrate on which 
thin films of gold, tantalum oxide, silver, and an organic insulator had been deposited. 
Mechanical processing to produce a small pO o-sensitive spot at the tip of this electrode 
failed. So we attempted localized removal (over an area of about 10 um2) of the silver/ 
tantalum oxide layers by repetitive focused laser irradiation with the LAMMA instrument. 
The depth of this "laser drilling" could be nicely controlled and monitored by the mass 
spectra recorded with each laser shot. Laser parameters could be adjusted such that 
10 + 1 shots were needed to arrive on the (inner) gold layer (which had to be freed of 
superimposed material to become the pOy-sensitive spot). 
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MINIMUM DETECTABLE CONCENTRATIONS WITH THE LIQUID-DROPLET TECHNIQUE 
P. M. Quinton, R. R. Warner, and Claude Lechene 


The liquid-droplet technique,!»2 developed to measure element concentrations in small 
biological fluid samples, has been applied primarily to physiological elements ranging in 
concentration from Na at 0.15M to Mg at 0.0006M.° The technique has been shown to be ap- 
plicable for elements at high concentrations approaching 0.5M,® but systematic studies have 
not been reported that establish lower limits of element detection for the liquid-droplet 
technique in wavelength-dispersive spectroscopy. Since concentrations as low as 0.20 (+ 
0.03 [SE]) mM for P? and 0.28 (+ 0.19 [SD]) mM for Mg!® have been reported in the litera- 
ture, the minimum detectable concentrations are presumably lower than 0.2 mM and have been 
estimated to be 0.1 mM;!! for a 0.5mM solution, peak-to-background ratios of 1.0 can be 
obtained.* These determinations have been made, however, on samples placed upon thick Be 
block substrates in which a large fraction of the sample background is contributed by the 
substrate. If this substrate were removed or diminished, minimum detectable concentrations 
might be considerably reduced. Procedures for minimizing this substrate packer ound have 
been developed in modifications of the liquid droplet technique for EDS,’>222!3 where a 
large background contribution would intolerably limit the detection sensitivity. These 
procedures utilize thin organic films such as parloidin mounted over metal grids to mini- 
mize substrate contributions to the sample background. EDS analysis’ by use of this pro- 
cedure on 0.5mM solutions yields peak-to-background ratios that are approximately 0.1, an 
order of magnitude less than with WDS. Adaptation of this procedure for mounting drop- 
lets on thin organic supports to WDS analysis might make it possible to lower the detec- 
tion sensitivity significantly; although electron-probe analysis has not been regarded as 
being directly suited for biological trace element analysis,!* there remains a possibility 
that trace elements such as Si, Zn, and Br could be routinely analyzed with these 
procedures. 


Methods 


Using the liquid droplet technique,* we placed a series of five solutions containing 
150 mM NaCl but decreasing concentrations of Ca, Mg, SO,, and PO, either on Be blocks or 
on thin carbon-coated formvar films mounted over nickel grids. After freeze drying, the 
preparations were analyzed using a Cameca MS46 microprobe at 11 kV and 200 nA. Pipette 
Size was 64.7 pL and beam diameter was generally 7Ou. C1, S, Ca, and P were analyzed with 
a PET crystal; Na and Mg were analyzed with a TAP crystal. Analysis time was 50 sec per 
sample. Background was measured on each sample by detuning of the spectrometers and aver- 
aging of the intensity measured above and below the characteristic wavelength. With the 
Be blocks, background was also measured on peak but off the sample on pure Be, which is 
the customary procedure for background measurement by the liquid droplet technique. 2 So- 
lutions S1-S5S were prepared to contain 150 mM NaCl plus either 10 mM (S1), 2 mM (S2), 1 
mM (S3), 0.4 mM (S4), or 0.1 mM (S5) Ca, Mg, SO,, and PO,. Solution composition was con- 
firmed by macroscopic techniques for all elements except SO, and PO,. Results are reported 
as mean x-ray counts, not normalized, with their standard deviations. 


Results 


Background measurements for the five samples deposited on Be blocks are shown in the 
left columns of Table 1. The backgrounds measured off peak are equivalent for the differ- 


This work was done at the National Biotechnology Resource in Electron Probe Microana- 
lysis, Harvard Medical School, Boston, MA 02115. (Author Quinton is now at the Division 
of Biomedical Sciences of the University of California, Riverside, CA 92521.) The support 
of this work by National Institutes of Health grants AM-00324, AM-20356, and RR-00679 is 
gratefully acknowledged. 
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ent samples, which indicates that the background is generated primarily from the substrate, 
a conclusion that is supported by the similarity of the off-peak backgrounds with back- 
grounds measured on peak on pure Be.(BO) (Table 1 and Ref. 15). Background measurements 
for the five samples deposited on formvar films are shown in the right columns of Table l. 
Backgrounds measured off peak are no longer equivalent for the different samples, with the 
S1 background being statistically higher (P < 0.05) than the S5 background for S, Ca, Mg, 
and Cl, which indicates that the samples themselves are now significantly contributing to 
the background. The backgrounds are one order of magnitude lower than those measured on 
Be blocks, whereas the sample counts are similar as indicated in Table 2 for sample S2, 
which results in an improvement in the signal/background ratio (P-B/B) by approximately 
one order of magnitude. 

The conventional criterion for the minimum detectable concentration, that concentra- 
tion for which the peak x-ray count exceeds three standard deviations of the background 
measurement, is given by 1° 


Ce. = 3VB « c_./@P - B) + (1) 


in which "st"! denotes a standard of known concentration. An alternative criterion for the 
minimum detectable concentration based on the use of "n'" multiple measurements as was done 
in this study is given by!” 


Cain = (4-5/n) + 3[(1.5B/n) + (2.25/n2) 11/2 C2 (P = B)-« (2) 


Minimum detectable concentrations based on these equations and the data of Table 1 
and 2 are shown in Table 3. Minimum detectable concentrations calculated from Eq. (2) 
are approximately half the values calculated from Eq. (1). In either case minimum detect- 
able concentrations measured on formvar films are a quarter to a half of those obtained 
from samples mounted on Be blocks. The use of formvar grids with the liquid-droplet tech- 
nique decreases the background by an order of magnitude and improves the minimum detectable 
concentrations by a factor of two, which could allow trace elements such as Zn, Br, and Si 
to be routinely measured in plasma. 
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INSTRUMENTAL FACTORS AFFECTING THE ACCURACY QF MICROPROBE QUANTITATION OF ELECTROLYTE 
CONCENTRATIONS IN FROZEN SECTIONS 


John McD. Tormey and Robert M. Platz 


Biological tissues consist of multiple aqueous phases that contain electrolytes at 
widely varying concentrations. The possibility of rapid diffusion between phases has pre- 
sented an unique challenge to the preparation of biological specimens for microprobe anal- 
ysis. To prevent such diffusion, it is now common practice to freeze tissue specimens 
rapidly and then to cut thin frozen sections at low temperature. The resulting sections 
must be freeze-dried before they can be handled at room temperature. 

Before one accepts results from complex, unknown biological systems, it is prudent to 
validate methods on a simple, well-characterized specimen. With that in mind, we have 
been using microprobe x-ray analysis to quantitate electrolyte concentrations in freeze- 
dried frozen sections of red blood cells. These small cells have the advantage not only 
of structural homogeneity, but also of the ease and accuracy with which their electrolyte 
concentrations can be determined by wet chemical analysis. Validation entails obtaining 
agreement between microprobe and wet chemical measurements. 

Using methods described previously ,*’* we obtained 0.5um thick freeze-dried frozen 
sections mounted on carbon films on Cu grids. The sections included two types of red 
blood cell: (a) high potassium (HK) cells, containing approximately 100 mM K and 10 mM 
Na; and (b) low potassium (LK) cells, containing approximately 10 mM K and 100 mM Na. 

(The above, and all subsequent, concentrations are expressed as millimoles/10° cm? of tis- 
sue volume.) The remainder of the section (about 75% of its area) consisted of an extra- 
cellular phase, which was a dextran-containing physiological saline that contained 140 mM 
Na and 6 mM K. Chemical analyses were performed on aliquots of cells and extracellular 
fluid at the time the cell suspensions were frozen. Thus we had a well-characterized 
three-phase system. 

Microprobe quantitation of intracellular concentrations of Na and K was obtained by 
several methods that yielded similar results.!’* Most of the results presented here used 


intracellular Fe as an internal standard. ; : 
Table 1 show typical results obtained at 20 kV accelerating voltage in a scanning elec- 


tron microscope equipped with an energy-dispersive x-ray spectrometer. Excellent agreement 


TABLE 1.--Comparison between microprobe and wet chemical analyses of Na and K in HK and LK 
red blood cells. Results obtained at 20 kV, and expressed as concentrations in millimoles/ 
103 cm? of cell volume + standard error; n = 18-20. 


Microprobe Analysis : 


Chemical Analysis 


Microprobe-Chemical 


between microprobe and chemical analyses of K was found. However, microprobe measure- 
ments of Na were too high by about 40 mM in both types of cell. The rest of this abstract 
is concerned with the origin of this excess Na. 

The pattern of results cannot be due to a partial melting of the sample which has al- 
lowed ions to diffuse down their respective concentration gradients. Otherwise, consider- 


The authors are at the Department of Physiology, UCLA School of Medicine. This work 
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able amounts of K would have been lost from the HK cells, and the excess Na in the HK 
cells would be nearly three times greater than in the LK cells, since the concentration 
gradient favoring its entry was nearly three times greater. 

The results are consistent with the possibility that the intracellular measurements 
are contaminated by x-ray signals related to the extracellular fluid. For instance, the 
Na excess in Table 1 is that which would be expected if approximately 20% of the elec- 
trons impinging on the cells were deflected into the extracellular phase; this process 
would cause a large error in Na but a negligible one in K, since the concentration of Na 
in this phase is 23 times larger than that of K. 

Such an effect could be caused by one of several forms of stray radiation within the 
microprobe itself, or it could be an artifact of specimen preparation in which part of 
the extracellular matrix is smeared over the cells during microtomy. Experiments were 
therefore carried out to distinguish among these alternatives. 

Both electron beam "tailing" and hard x rays originating from the column were ruled 
out by use of a 5um diameter Pt aperture over a Faraday cup. When a line raster was po- 
sitioned about 0.2 um inside the edge of the aperture, the intensity of the Pt M peak was 
only 0.5% of that when the Pt was directly irradiated. Such stray radiation is nearly 
two orders of magnitude too small to explain our results. 

If the excess Na were due to microtomy, it should be affected by a lowering of the 
cutting temperature. For instance, if there were local melting, reduction of tempera- 
ture should alter the nature of the cutting process from melting towards cleaving.? Al- 
ternatively, if the dextran-containing matrix has a plastic quality that allows it to be 
deformed and smeared by the knife, this property should also be affected by temperature. 
However, when sections cut at -110°C were analyzed and compared with those cut at -80°C 
(our usual cutting temperature), no differences were found. 

The degree to which smearing affects results should also be a function of section 
thickness. If cutting should cause a zone of local melting, each section would consist 
of a region that has remained frozen faced on both sides by transiently melted zones. 

The ratio of unmelted to melted (or smeared) material increases as section thickness in- 

creases, so that there should be an inverse relation between section thickness and excess 
Na. However, when section thickness was varied over a three-fold range, a direct linear 

relationship between thickness and Na error was found. 

This result and the cutting-temperature experiment argue strongly against a microtomy 
artifact, and direct attention to the likelihood of stray radiation within the microprobe. 
Since the primary beam has been shown to be essentially "clean,'' this stray radiation 
would have to come from interaction between the beam and specimen. 

Scattering by the specimen is implicated by three pieces of evidence. (1) There is a 
direct linear relationship between section thickness and excess Na. The Rutherford model 
of elastic scattering predicts the same relationship between target thickness and scat- 
tering through a given angle. (2) Examination of the same section at both 10 and 20 kV 
revealed that the excess Na concentration was doubled at the lower voltage, whereas K re- 
mained unchanged. This finding is compatible with the well-known inverse relationship be- 
tween scattering and accelerating voltage. (3) When samples were studied at 80 kV in a 
transmission electron microscope in the STEM mode, microprobe estimates of Na became 
equal to those determined chemically. 

Two forms of scattering must be considered. One is scattering from the cells directly 
into the extracellular phase. The other is scattering from the section into the specimen 
chamber followed by scattering back to the section. However, it is unlikely that enough 
radiation could be scattered back to explain our results. Not only is the backscattering 
coefficient for specimen chamber material only about 0.3, but also, based on purely geo- 
metrical considerations, only a small fraction of the electrons scattered by the specimen 
chamber could return to the sections. Therefore, scattering within the section itself is 
the more likely cause of excess Na. 

If this interpretation is correct, we need a model that predicts it quantitatively. 
Doubtless a fraction of the electrons passing through the cells are elastically scattered 
over sufficiently wide angles to enter the extracellular matrix. Those which do so have 
much longer trajectories through the section than those in the unscattered primary beam 
and have correspondingly higher probability of exciting x rays. Simple application of an 
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expression based on the Rutherford model suggests that too little scattering would 
occur!** Monte Carlo calculations will probably have to be carried out to determine 
whether our explanation is reasonable. 

Whatever the outcome, it is obvious that proper attention to instrumental factors 
can control an artifact that is liable to occur in the study of an element at low concen- 
tration in a small phase surrounded by another where it is present at high concentration. 
With this limitation in mind, microprobe x-ray analysis is proved to be capable of yield- 
ing valid quantitation of diffusible elements in biological systems. 
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ULTRASTRUCTURAL ANALYSIS OF BILIARY CALCULI 
B,. &. McConville 


Underlying factors of stone formation can be elucidated by determination of the compo- 
sition of biliary calculi, since the stones contain a record of changes in the body that 
influence the function of the liver and gallbladder; and since 60 000 people in Britain 
alone are treated in hospital for gallstones each year, investigation leading to a better 
understanding of the disease is essential, as agreed in the specific recommendations. of pri 
ority areas by the work group report of the NIH committee on research on Digestive Diseases 
in 1975. In an attempt to obtain more precise analytical evidence regarding the composi- 
tion of calculi, SEM and associated x-ray analysis has been undertaken on a number of gall- 
stones. 

Selected stones have been subjected to simultaneous electron microscopic studies and 
autoradiographic analysis with the use of charged-particle activation. Cross sections of 
stones are mounted and irradiated in Birmingham University's 60 in. cyclotron using 2.2MeV 
deuterons and 5MeV protons, Correlation of results is achieved with particular attention 
to the ultrastructure of stones in the region of the nidus. 

Results of the investigations are discussed in the light of present-day theories of 
nucleation and growth mechanisms in stone formation. It is believed that any fibrous mass 
at the center of the stone could support the theory of nucleation by entrapment on debris 
or mucus-type material. The theory of epitaxy is also shown as a possible contributory 
factor to the growth mechanism. 

Distinct differences of the composition and ultrastructure across individual calculi 
are clearly shown to indicate different mechanisms of growth within the gallbladder during 
the deposition of layers of calculus. The technique has also been used successfully with 
investigations on urinary calculi. 


The author is in the Department of Physics of the University of Birmingham in Birming- 
ham B15 2TT, England. 
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ELECTRON IRRADIATION PRODUCTS FROM ORGANIC MATERIALS AND IMPLICATIONS FOR MICROANALYSIS 
OF BIOLOGICAL SECTIONS 


J. W. Edie and P. L. Glick 


The damage to organic specimens as a result of electron bombardment are widely re- 
ported.!-3 These effects impose limitations on the potential image resolution within 
transmission electron microscopes and the validity of analytical data acquired from elec- 
tron-optical instrumentation. Any analyst attempting quantitative measurements on light- 
element matrices must consider the effects of irradiation on the results. 

It ha been previously reported that characteristic count rates from thick specimens 
undergo variations with electron dose whenever organic content is present in the analyzed 
matrix.* Valid quantitative results are shown to be possible only if count rates are ob- 
tained at initial exposure or the same dynamic response occurs in both the standard and 
the unknown. 

The loss of light-element content is the primary reason for the count rate variations-- 
which continue until further losses from the specimen are terminated. These light-element 
losses may be observed by means of a quadrupole mass spectrometer in close proximity to 
the specimen during the irradiation period. Consider, for example, the effects of elec- 
tron irradiation on methacrylate when 30keV electrons at a current density of about 1071! 
A-um* bombard the sample. Figure 1(a) displays the mass spectra (1 < m/e < 45) of the 
residual gas within the column just prior to electron irradiation, Fig. 1(b) displays the 
instantaneous mass spectra as the electron beam is made incident on a methacrylate speci- 
men, and Fig. l(c) shows the net peak heights for masses detected as a result of electron 
bombardment. Of the many masses observed, the more probable identifications exist for 
m/e = 2 (Ho), 12 (C), 14 (N), 15 (CH3), 16 (0), 28 (CO and No), 32 (05), and 44 (C05). 

The light-microscopical observation of ''gases bubbling" through the coating of the speci- 
men when irradiated is supported by these masses. The other fragments are probably the 
result of H-bond ruptures due to irradiation and/or heating effects which release molecu- 
lar fragments that are characteristic of the matrix. 

The irradiation products are dependent upon the material irradiated, the operating con- 
ditions employed and the temperature of the specimen. The dependence on type of plastic 
is illustrated in Fig. 2{a), where net peaks relative to methacrylate (expressed in %) are 
shown for the masses representing the organic consituents and CO». The same operating con- 
ditions were used for each specimen. Similar relative net peaks are displayed for materi- 
als of biological origin in Fig. 2(b). The extensive variation in mass products from ma- 
trices of differing organic composition are apparent in these figures. A different charac- 
teristic x-ray count rate variation of an included heavier element could be anticipated for 
each matrix. 

A simplified model is advanced to describe the variation of characteristic x-ray count 
rate. Prior to electron irradiation, a heavier element to be detected in the low density 
matrix is assumed uniformly distributed. In Fig. 3(a), the electron beam (for given oper- 
ating conditions) is made incident upon the specimen, an initial excitation volume is es- 
tablished, and light-element fragments are ejected from the surface. The maximum range 
R; for electrons is characteristic of the original matrix. After prolonged irradiation 
(Fig. 3b) the density of the excitation volume increases due to loss of light element frag- 
ments, but physically recesses from the surface. The concentration of the heavy element in- 
creases within this volume, which accounts for the increased characteristic x-ray count 
rate. The maximum range R¢ from the surface is material dependent and assumes both the 
recession from the surface and the new range in the denser medium. These ranges would have 


The authors are with Dows Institute for Dental Research of the University of Iowa in 
Iowa City. The support of this work by the Veterans Administration is gratefully acknow- 
ledged. 
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FIG. 1.--Mass spectra (1 < l/e < 45) for (a) residual gas within microprobe column just 
prior to electron irradiation of sample; (b) residual gas plus ejected masses upon ir- 
radiating methacrylate specimen with 30keV electrons at current density of ~107*1} A-um"?; 
and (c) net mass peak heights resulting from electron irradiation. 
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FIG. 2.--Selected mass peak heights relative to methacrylate (expressed in %) for (a) dif- 

ferent plastic specimens and (b) different biological specimens. Operating conditions 

were maintained constant. 


strong beam energy and matrix density dependences. 

Ignoring the effect electron irradiation would have on stopping power and mean ioniza- 
tion potentials or the possible removal of the element to be analyzed by bombardment, it 
would be argued that no characteristic x-ray count rate variation would result if the sec- 
tion thickness t was less than Rj, since no additional heavy-element content would be ana- 
lyzed with prolonged electron irradiation. Similarly, if t > R¢, the sample is infinitely 
thick to the electron beam and the magnitude of count rate variation would be maximized 
for the operating conditions employed. A transition zone between these extremes would ex- 
ist. 
To illustrate this phenomenon, we prepared a plastic block with about 8 wt.% sulfur 
by mixing the LP-3 polysulfide (Thiokol) with Epon 812. Sections were cut in about 1, 2, 
4, 6, 8, 10, and 12um thicknesses and placed on a carbon substrate. A crystal spectro- 
meter was used to monitor the S characteristic x-ray intensity as a function of electron 
dose when 20keV electrons at a current density of about 107!! A-ym™2 were made incident 
on the specimen. The percentage increase in count rate from the initial count rate is 
shown in Fig. 4 as a function of section thickness. These variations would occur for elec- 
tron doses on the order of 107! C-um-?; R; is estimated to be about 4 um and R¢ is about 
10 um. However, these results are characteristic of the operating conditions employed and 
of this particular matrix. 
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MICROANALYSIS OF ELEMENTAL DISTRIBUTIONS IN MINERALS AND CELLS PERFORMED WITH A 
PROTON MICROPROBE 


Bernd Martin 


X-ray emission spectroscopy has been widely used for qualitative and quantitative de- 
terminations of trace elements in recent years, largely because of the rapid development 
of high-resolution Si(Li) detectors. The electron-microprobe technique allows quantita- 
tive analysis of micrometer-sized particles, inclusions in solids, and biological samples. 
However, because of the high bremsstrahlung background from the electrons this method is 
limited to a sensitivity of 1 part in 10 000, so that only the major elements (with concen- 
trations > 1000 ppm) in the sample can be quantitatively determined. To obtain information 
on elements with concentrations < 1000 ppm, one is forced to use other techniques such as 
x-ray fluorescence or neutron activation analysis. Yet the last two methods are not ap- 
plicable to BET OS COprG objects. Trace elements in such small areas can be analyzed with 
the ion probe! or laser mass spectrometer,* but these techniques are destructive because 
material is sputtered from the samples surface. Nondestructive trace-element analysis can 
be achieved by use of a charged-particle beam of, for example, protons or alpha particles 
to induce the emission of characteristic x rays of the elements present in the specimen. ° 

The accelerators used are capable of producing beams of charged particles with energies 
and intensities that are continuously variable over a wide range. The beams can be tightly 
focused so that x-ray emission is restricted to the small sample of interest.* The pene- 
tration depth and the eerect ton limits> can be chosen by varying the particle energy. It 
has been shown experimentally? that a combination of x-ray excitation by protons and detec- 
tion of the emitted x rays by a Si(Li) detector provides a powerful method for multielemen- 
tal, nondestructive analysis of major and trace elements with atomic number Z > 12. 

The proton microprobe roughly described in this paper was constructed jointly by phys- 
icists from the Physikalisches Institut der Universitat Heidelberg and the Max-Planck- 
Institut fiir Kernphysik in Heidelberg. The facility (Fig. la), located at the 6MV EN 
Tandem Van de Graaff accelerator of the Max-Pianck-Institut, consists of two major parts: 

a collimator system to produce an ion beam of micro-dimensions, and a focusing unit. A 
schematic view of the beam profile of the proton scanning microprobe is shown in Fig. 1b. 
The collimator consists of two pairs of crossed slits (collimators 1 and 2 in Fig. 1) 
mounted in two vacuum chambers. These slits are made of stainless steel with highly pol- 
ished sharp edges (surface roughness < 0.1 um) for optimal definition of the beam; their 
width is varied by piezoceramic drives. The collimated beam is then focused by a small 
magnetic quadrupole doublet at the target located about 100 mm behind the second quadru- 
pole. The quadrupoles have air-cooled coils, an outer yoke diameter of 170 mm, and an 
aperture diameter of 2r, = 5 mm. Each has a field 40 mm long. A maximum field gradient 
of 500 T/m at 3 A can be obtained, sufficient for focusing protons or heavier ions (e.g., 
1694+) from the 6MV Tandem Van de Graaff accelerator. The lens, as well as the collimator 
slits, are adjustable in both x and y directions. In addition, the lens can be rotated 
around the x and y axis. Adjustments of the beam during the experiment, as well as an 
accuarate selection of a specific spot for analysis, is easily accomplished with an optical 
microscope fastened to the target chamber. This arrangement allows a view of nearly the 
entire sample. The sample holder can be moved in both x and y directions by a step motor, 


The author is with the Max-Planck-Institut fur Kernphysik, P. 0. Box 103 980, D-6900 
Heidelberg, Federal Republic of Germany. The paper is based on work performed in collab- 
oration with F. Bosch, H, Dobbeling, A. El Goresy, R. Nobiling, D. Pelte, B. Povh, D. 

Schwalm, and K, Traxel (Max-Planck-Institut fur Kernphysik Heidelberg and Physikalisches 
Institut der Universitat Heidelberg), C. Petzelt (Institut flr Zellenlehre, Deutsches Krebs- 
forschungszentrum, Heidelberg), and W. Herth and H. D. Reiss (Zellenlehre, ‘Universitat 
Heidelberg). 
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so that a scan of the specimen can be performed without breaking the system's vacuum. Th 
minimum size of a proton beam achieved so far is about 2 x 2 ie with an approximately rec 
tangular intensity distribution.® The proton current density obtained in the measurement 
ranged from 5 to 20 pA/(um)* at initial beam currents between 0.3 and 1 vA. This density 
is sufficient for reaching relative detection limits of the order of 1-10 ppm for element 
with proton numbers Z > 12, even for specimens with volumes of the order of microns cubed 

To demonstrate the performance of the proton microprobe we used it to determine trace 
elements and trace element distributions in some mineral grains in a lunar basalt (Apollc 
17, sample No. 75015) and in biological samples like sea urchin eggs (Sphaerechinus granu 
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Zarts) during mitosis and pollen tubes (Ztlium longiflorwn) during growth. 
Two minerals, ilmenite (FeTi03) and baddeleyite (Zr0 5) were chosen to search for trace 


elements that had not been detected by the electron microprobe so far.’ 


The grains were 


analyzed with the proton microprobe at excitation energies of 2 and 4 MeV with the results 


shown in Fig. 2. 


A typical recording took 2 hr, 


The Ky and Kg lines of Y (60 + 20 ppm), 


Zr (1600 + 300 ppm), and Nb (40 + 15 ppm) are well developed in the spectra of ilmenite 
Note the absence of the L lines of these elements in the spectra taken at 
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FIG. 2.--(a) X-ray spectrum of ilmenite obtained with proton excitation at 2 MeV. 
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set displays the spectrum taken with the electron microprobe at 15 keV for the same grain. 


(b) X-ray spectrum of baddeleyite obtained with proton excitation at 4 MeV. 
shows the spectrum taken with the electron microprobe at 15 keV for the same grain. 


The inset 
The 


lines ZrKg + ZrKy and ZrKy + ZrKg indicate the Zr pile-up peaks. 


87 


15keV electron energy because of the high bremsstrahlung background (insets in Fig. 2a). 
The spectrum of baddeleyite (Fig. 2b) revealed the presence of K lines of trace elements 
which were not detected with the electron microprobe, such as Ta, Pb, Th, W, Y, Nb, Ce, 
Pr, and Nd. Because of the small grain size of the baddeleyite crystal and its intimate 
intergrowth with the zirconolite grain, we cannot exclude the possibility that the x rays 
of the elements measured by the proton microprobe in the baddeleyite were excited in both 
baddeleyite and zirconolite. In the geological sciences the technique should thus allow 
determination of the partitioning of trace elements among coexisting minerals and phases 
in natural rocks and in multicomponent synthetic material. 

For the investigation of biological samples we studied the Ca distribution and gradien 
in sea urchin eggs and pollen tubes. In mitosis a spindle-like structure is formed for th: 
distribution of the chromatids to the daughter cells. Since Ca is probably the main regu- 
lator of this process,® we sought to determine its distribution in the spindle and in the 
cytoplasm as well. The measurements were performed on glutaraldehyde-fixed, dehydrated, 
and air-dried eggs (diameter after drying about 50 um). The spindle visible before dehy- 
dration was photographed through a light microscope and the pictures obtained were used 
for identification and orientation. In this way it was possible to scan the dehydrated 
egg along and perpendicular to the spindle. The scan was accomplished by a motion of the 
egg through the proton beam (3 MeV) focus in steps of 0.5 um. At each step a constant 
charge was accumulated. The charge was monitored by a thin gold foil switched into the 
beam periodically. The protons elastically scattered from the foil were recorded by a 
surface barrier detector. The accumulated counts per step correspond to the beam intensit: 
along the scanned direction. The egg was glued to a thin scintillator foil by polylysine® 
and carbon was evaporated onto the sample, which avoided charge-up effects. The x-ray spe 
trum and the scans are shown in Fig. 3(a)-(c). With 3MeV protons, which have a range of 
about 80 um in biological material, a sea urchin egg can be analyzed in its entire depth 
without substantial depreciation of the lateral resolution, something that cannot be accom 
plished with an electron microprobe. Figures 3(b) and (c) show Ca distributions of one eg. 
recorded parallel (b) and perpendicular (c) to the spindle. In the middle of the egg (c), 
at 25 um, the Ca is enhanced by about 40% with respect to an isotropic distribution. Sinc 
the sea urchin eggs were air dried, only insoluble Ca could be detected. 

For other biological processes calcium also seems to be essential. It is often hypoth 
esized!° that pollen tubes need a Ca gradient for growth. Such Ca distributions in pollen 
tubes have not yet been measured quantitatively. In our investigations the samples were 
fixed with glutaraldehyde, washed, and air dried. Parallel samples were treated with 
chlorotetracycline (CTC) before fixation for better preservation of the membrane-bound 
calcium.!! Figure 3(e) displays a scan along a CTC-pretreated pollen tube starting from 
the pollen corn. In the last 20-30 um of the tip region the amount of Ca rises steeply 
from a concentration of 220 ppm to 3000 ppm. These values were obtained from the single 
spectrum (Fig. 3d) according to the method described in Ref. 12. Five additional scans on 
other pollen tubes gave similar results. Figure 3(f) displays a characteristic cross scan 
of a pollen tube without CTC pretreatment. Well-defined peaks with a half width of about 
2.5 um could be detected. The absolute amount of Ca varies from 250 to 450 ppm, with the 
highest amount in the cortical region of the pollen tubes. 

Before drawing any final biological conclusions we have to collect more statistics on 
different samples, and above all we have to analyze possible correlations between the ex- 
perimental results and the preparation techniques used. However, the results reported on 
so far demonstrate that a proton beam focused to a few square microns is suited well for 
the trace-element analysis in biological samples. Its features are particularly advanta- 
geous for improving the investigations in diverse fields, e.g., the determination of the 
trace element profiles of healthy and malignant tissues. 
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FIG, 3.--Spectra of a sea urchin egg (= 50 um in diameter) and a pollen tube obtained with 
proton excitation at 3 MeV. The insets show the measurements schematically. (a) X-ray 
single spectrum of a sea urchin egg. (b) and (c) Ca distribution of a sea urchin egg mea- 
sured parallel (b) and perpendicular (c) to the spindle (histogram). The calculated spectra 
for isotropically distributed Ca are shown by the broken line. These lines correspond to an 
absolute Ca amount of 600 ppm. (d) X-ray spectrum of a pollen tube. (e) Ca distribution 
along a CTC-treated pollen tube starting in the middle of the corn. The Ca amount varies 
from 200 to 3000 ppm. (f) Ca distribution perpendicular to the pollen tube axis. The 
half-widths of the peaks are = 2,5 um, 
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Applications 


AUTOMATED WDS QUALITATIVE AND QUANTITATIVE MICROANALYSIS IN GEOSCIENCES 
R. Giraud, G. Remond, D. Pajon, J. Yenoc, C. Conty, and M. Tong 


Introduction 


Automation of the various steps of quantitative microprobe analysis permits the sta- 
tistical evaluation of big numbers of chemical data. The microprobe thus becomes a power- 
ful analytical tool for quantitative analysis on a routine basis in a similar way to that 
of optical emission spectrometry in geochemistry applications. 

A microprobe with four wavelength-dispersive spectrometers (WDS) is managed by a PDP 
11/05 minicomputer with two cartridge disks; data processing is executed on line. The 
original software written with an interpretor pane eee was quite slow even when a matrix 
correction according to Bence and Albee was used.!~3 This approach has been adopted be- 
cause chemical composition of the specimen is needed before the strategy of analysis of 
a sample set can be conducted; uncorrected values are quite insufficient for this purpose. 
The substitution of FORTRAN for the former poreite a faster execution and the introduction 
of a full ZAF treatment into the procedure.’ 

Potential output exceeds the amount of information the operator can manage during data 
acquisition; these outputs are saved on files to be processed further by appropriate pro- 
grams, which give the final report to the customer. For instance, this paper will describe 
the programs we use for petrological applications. 

A perfect qualitative knowledge of the specimen is assumed in the above treatment, as 
is generally the case with major components of silicates. For ore studies (sulfide) qual- 
itative and quantitative compositions may vary by large amounts, even inside the same de- 
posit, owing to the presence of many impurities, which are the most significant character- 
istics for these compounds. Rather than checking the presence of every hypothetical ele- 
ment we have developed a program that permits a rapid exploration of the entire spectrum. 
We use WDS spectrometers, which have much better resolution than the energy-dispersive 
spectrometer (EDS) and a greater ratio peak to background. For this purpose, display and 
identification of the spectrum has been programmed to be the output on a DEC VT 55 video 
terminal; the computer is under the control of the foreground-background monitor. 


2. Final Report for Quantitative Analysts of Stltcates 


2.1. Quantitative Analysts. The MBXCOR package written in FORTRAN includes the ana- 
lytical CORREX and QUANTI programs .6?7 CORREX is the more general treatment applied for 
sequential quantitative microanalysis, including data acquisition and processing. QUANTI 
is a shortcut for quantitative analysis of specimens belonging to the same family as those 
already studied in a former problem by means of CORREX. Some output files of CORREX are 
then input files for QUANTI. Prior to the execution of QUANTI the coordinates of the 
points of interest may be stored by means of the store function of the CDMBX program for 
the control of the instrument. A full ZAF routine is included in both CORREX and QUANTI 
analytical programs. To be corrected, all elements have to be analyzed under the same 
accelerating voltage. 

An incident energy of 15 keV has been chosen for major and minor element analysis. 

A new CORREX version can accomodate multiple excitation conditions. It will be used for 
trace elements. ® 

All parameters concerning instrumental configuration are saved on the GFGEXP.DAT file. 


Authors Giraud, Remond, and Pajon are at the Bureau de Recherches Géologiques et 
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Experimental conditions are given at the beginning of a CORREX run. The PHYS.DAT file 
contains all this information. Moreover, the possibility of saving all parameters leads 
to a reduction in the dialog between the operator and the computer, so that a new analysis 
under previous conditions can be started more quickly. 

Thirteen to fourteen elements are frequently encountered in silicate analysis. A run 
is performed in about 2 min, so that 300 points can be easily analyzed each day. The re- 
sults are saved on the CONCOR.DAT file in order to process the results for specific appli- 
cations. 


2.2. Report for Petrological Appltcation. In practice, the operator may call up 
each individual set of experimental data because they are permanently printed on the ter- 
minal. All intermediate results of significance only for the microprobe operator must be 
eliminated from the output. Moreover, the data stored on the files are used as input for 
special routines necessary for the petrologist's final report. The following programs 


have been developed for this purpose in the case of silicate analysis performed on a rou- 
tine basis. 


BISON (Fig. 1). This program gives the result list of all sequentially analyzed 
points. The data saved on the CONCOR.DAT file are expressed in terms of oxide weight con- 
centrations. It offers a rapid overview of the entire set of results. 


RT-11IFB VO3-02 


*SET TTIWINTHHL32 


«RUN RRIE BISON 
NA= 10 NEL= di 


1 2 3 4 5 6 7 8 9 

NA 0.0330 0.0563 0.0572 0.0898 0.0624 0.0616 0.0596 0.0590 0.0032 
ST 0.2239 O.5712 0.5791 0.5900 0.45934 0.5915 0.5830 O.583L 0+5237 
FE 0.0011 0.0002 90,0017 0.0018 6.0020 0.0006 0.0014 0.0042 0.1036 
CA 0.0373 0.0903 0.0872 0.0735 0.0741 90,0802 0.0823 0.0814 0.2159 
MG 0.0000 0.0000 0.0000 0.0002 0.0000 06-0000 0.0001 0.0003 0.1363 
Al. 0.2821 0.2685 0.2597 0.2523 0.2562 0.2586 0.2617 0.2661 0.0164 
MN 0.0000 0.0000 0.0006 0.0000 0.0000 0.40000 0.0002 0.0000 0.0029 
K 0.0048 00,0051 0.0049 0.0067 0.0049 0.0048 0.0054 00,0051 0.0000 
CR 0-0001 0.0000 0.0000 0.0000 0-0000 0.0000 0,0000 0.0001 0.0002 
TL 0.0007 06,0000 0.0000 06,0007 0.0001 06-0002 0,0000 0.0002 0.0012 

0.5830 0.9916 0.9903 0.9849 0.9932 0.9975 0.9937 0.9994 1.0034 


10 11 12 13 14 is 16 17 18 

NA 0,0000 0.0000 0.0036 0.0024 0,0603 0.0614 0.0000 0.0000 00-0000 
St 0.5282 0.5259 0.5232 0.5244 0.5968 0.5890 0.3777 0.3804 0.0000 
FE 0.2564 0.2450 0.1086 0.1152 0.0013 0.0018 ,1620 0.1620 0.4974 
cA 0.0095 0.0082 0.2189 0.2156 0.0799 9.0800 0.0000 9.0000 0.0000 
MG 0.2011 0.2040 0.1332 0.1328 0.0000 0.0000 041479 0.1476 0.0064 
AL. 0.0083 06,0084 0.0158 0.0162 0.2580 0.2605 0.1415 0.1424 06.0000 
‘iN 0.0078 0.0068 0.0037 0.0047 0.0000 06,0000 0.0003 0.0012 0.0050 
x 0.0000 0.0000 0.0000 0.0000 040066 0,0065 0.1044 0.1063 0.0000 
CR 0.0009 06.0010 09,0000 0.0003 0.0000 06,0000 0.0000 0.0000 0.0017 
Tr 0.0005 0.0007 9.0017 0.0023 0.0003 0.0000 0.0468 0.0486 0.4912 

1.0127 0.9999 1.0087 1.0141 0.9932 06-9971 0.9806 0,9886 1.0017 


19 20 21 22 23 24 25 26 27 

NA 0.0000 0.0620 0.0634 0.0632 0.0637 0.0000 0.0000 09,0000 09,0002 
$I 0.0000 0.5944 06,5962 0.6017 0.5940 0.5326 0.5289 06,0000 0.0000 
FE 0.5275 0.0000 06.0016 0.0020 0.0022 042612 0.2620 0.5106 0.5183 
CA 0.0000 0.0791 0.0729 0.0719 0.0770 0.008% 0.0079 0.0000 0.0003 
NG 0.0067 0.0002 0.0000 0.0000 00,0000 0.2072 O.1989 0.0103 0.0101 
AL. 0,0000 0.2570 0.2500 0.2540 0,2575 0.0080 0.008t 0.0000 0.0004 
NN 0.005% 0.0006 0.0000 06.0000 0.0000 0.0054 0.0077 0.0037 0.0029 
K 0.0000 0.0056 0.0079 0.0061 0.0080 0.0000 0.0000 0.0000 0.0000 
CR 0.0000 0.0000 0.0000 0.00046 0.0003 0.0000 0.0004 0.0008 0.0003 
Tr 0.4568 0.0000 0.0000 09,0000 0.0003 09-0006 0.0013 044772 0.4501 

0.9967 0+9988 0.9920 0.9995 11,0032 1.02379 1.0153 1.0027 0.9827 


FIG, 1.--Output from BISON: oxide weight fractions. 


STRUC. This program successively allows the calculation of: 


e the chemical formula according to the number of cations normalized to the number of 
oxygen atoms contained in each defined species 

e the Fe?" content based upon the relation given in Table 1 for magnetite, chromite, 
ilmenite, and garnet 

e the HO content in case of hydrous minerals 

@ the relative molecular content of each end member making the analyzed solid solutiol 
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TABLE, Lcebe  ealeabarion: 


(Mg + Mn)/2)) 
Fe - ({Al + Cr)/2 - (Ti + Mn + Mg)) 


Magnetite, Chromite £ (Fe - (Al + Cr)/2 


Timenite 


Garnet 4 -~ (Al + Ti + Cr) 


For instance, Fig. 2 relates to plagioclase phases characterized by the [(Na,Ca) 
(A1,Si) 30g] theoretical composition. Row 1 corresponds to weight concentration. Row 2 
gives the number of cations calculated on a basis of eight oxygen atoms. Row 3 indicates 
the percentage of each end member successively made of albite (NaA1Si30g), orthose 
(KA1Si30g), and anorthite (CaAloSi20g). 


RUN RRL EYTLEG 


RUREAU DE RECHERCHES GEOLOGIQUES & MINTERES 
SERVICE GEOLOGIQUE NATIONAL. 


HEFT.$ MGA LE 8/7 2/79 QEMANIIEUR ¢ BRGM 
LAB. MIXTE BRGM/CNRS ETUDE M.1256 
RESULTATS DT ETUDES 
ANALYSES A LA MICKOSONGE ELECTRONIQUE 


2 3 4 o & 7 8 39 40 
NA 0.0563 0.0572 0.0598 2 0.0516 0.0596 0.0590 0.0529 0.0517 
ST O.8712 O.5791 0.5900 0.5915 0.5830 0.5931 0.5615 0.5548 
FE 0.0002 0.0017 0.0018 0.0006 0.0014 0.0042 0.0012 00-0013 
CA 0.0903 0.0872 0.07235 0.0802 0.0823 0.0814 0.0993 0.0985 
MG 0.0000 0.0000 0.0002 0.0000 90,0001 0.0003 0.0001 0.0003 
AL 0.2685 0.2597 0.2523 O.25396 0.2617 0.42661 0.2815 0,-2813 
MN 0.0000 0.0006 0.0000 0.0000 0.20002 00,0000 0.0000 6.0000 
K O,0051 0.0049 0.0067 0.0049 0.0048 0.0054 0.0051 0.0034 9.0029 
CR 0,0000 3.0000 0.0000 6.0000 6.0000 0.0000 6.00041 0.0000 0.0000 
Tr 0490000 0.40000 040007 O.40004L 040002 0290000 046002 9.0007 040002 

O.F916 0469903 O4984P 0.49932 0.69975 O.9937 0.9994 1.0011 O-9910 


@ 


NA O.4929 0.5006 O-5240 0,-5427 0.5338 O.01 99 
St 2-59788 2.66155 2.6669 246599 32,6440 2.46206 265189 Q2eA127 
FE 0.0009 060066 0.40077 0.0021 0.0052 135 00,0045 0.0049 
CA 0,434 0.3860 0.3559 0.3839 043964 0639702 0.4773 044781 
MG 0.0000 0.0015 0.0000 0.0000 0.0004 0.0019 99,0010 0.0023 
AL. 1.4286 1.3823 1.3439 1.35353 1.3425 2.3867 144026 11-4884 2.5014 
MN 0.0001 0.0022 09.0000 00,0000 0.0000 0.0007 00,0000 0.0000 0.0000 
K 0.0292 0.0283 0.0386 0.0282 0.0274 0.0311 0.0290 0.0206 0.0147 
CR 0.0000 0.0000 0.0000 6.0000 0.0000 0.0000 0.0004 040000 0.0000 
TI 0.0000 0.0000 0.0023 0.0004 0.0007 0.0000 0.0005 0.0030 0.0007 

4ALQ67A = ALGS7E 449398 4.9490 4.9542 4.9610 4.9599 A,P7357 4.9707 


0.4599 0.4538 


FM 0.9984 0.9998 0.8061 049998 1.0000 0.69392 0.8933 0.8226 0.6779 
AB 0.5139 0.5265 045704 0.5856 0.5647 0.5487 0.5497 0.4802 0.44784 
OR 0.0305 0.0297 0.0420 0.0304 0.0290 0.0328 0.0312 0.0215 0.0176 
AN 0.4554 0.4438 0.3876 0.3940 0.4062 0.4194 0.4191 0.4983 0.5040 


FIG. 2.--Output from VTLEC: plagioclase analysis (STRUC data saved on CONCOS.DAT file). 


The same approach is available for other species. In practice, the operator has only 
to indicate the name of the mineral of interest and to input the corresponding quantity 
of oxygen atoms involved in the chemical formula. STRUC caiculation is then applied to 
the quantitative results selected by their sequential identification number in the list 
of analyzed points. Data being processed by the use of STRUC program are then stored on 
the CONCOS.DAT file. The VTLEC routine prints out all the results as they appear in Fig. 
2 for plagioclase minerals. 

CALMO (Fig. 3). For each analyzed species, this program gives the mean value of all 
results previously calculated by the use of STRUC program. For instance, Fig. 3 summa- 
rizes the mean value of eleven analyzed plagioclase minerals and three amphibole minerals. 
Oxide weight concentrations are given in row 1; the quantity of cations and the end~member 
ratios are given in rows 2 and 3, respectively. 
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RUN RKLSCALMO 


BUREAU NE RECHERCHES GEOLOGIQUES & MINIERES 
SERVICE GEOLOGIQUE NATIONAL 


DEPT.? MGA LE 8/ 2/79 TEMANDEUR 3 BRGM 
LAB. MIXTE BRGM/CNRS ETUDE M,1256 
RESULTATS f ETUDES 
MOYENNES Ii ANALYSES UE LA M.S.E. 


MOYENNE SUR LES FLAGI/FELUS. ¢ MOY. SUR 11 ANALYSES. 


QO ®@ 


NA 0.0568 0.49460 
Sf O.S739 2.5845 
FE 0.0014 0.0084 
CA 0,0886 0.4277 
MG 0.0001 90,0007 
AL 0.26890 144226 
MN 0.0001 0.000% 
K 0+-9046 0.0264 
Ck 0.0000 0.0001 
TT 0.0002 0.0007 

O9FSP 4.9643 


@ 


FM 0.9214 
AR 0.5228 
OR 0+0279 
AN 0.4493 


MOYENNE SUR LES AMPHIROLES * MOY. SUR 3 ANALYSES. 


[ 
H ! 


QO @® 


NA 0.0081 0.2353 
SI 0.4872 7.1536 
FE O-1516 1.8723 
CA O-1002 11,5854 
NG 0.1379 3.0031 
AL 0.0763 1.3503 
MN 0.0030 0.0370 
K 0.0013 00,0255 
CR 0-0009 0.0103 
TI 0.0010 0.0112 
OH 0.0204 1.0000 

0.99878 16-2839 


® 


FM 0.4037 


FIG. 3.--Output from CALMO: Mean value for plagioclase and amphibole analysis. 


Figure 4 illustrates the flow chart of available programs for the processing of 
quantitative results saved on the CONCOR.DAT file during silicate analysis. Calculated 
values according to the STRUC program make a new CONCOS.DAT file permanently available. 
The content of this file may be printed to give individual (VTLEC) or mean value (CALMO) 
of a large number of point quantitative data, 


3. Automated WDS qualitative analysts 


3.1 Basts, The range of every spectrometer, from sin 6 = 0.224 to sin @ = 0.824 is 
divided into 600 channels of 0.001 width. The four spectrometers are respectively equips 
with LIF, PET, TAP, and ODPb crystals, so as to cover the whole wavelength domain. All 
the monochromators are scanned simultaneously, so that we get an energy range corres- 
ponding to a 2400-channel multichannel analyzer, Radiation intensity integrated over one 
step is stored in a matrix WDS(1I,J) where I and J are respectively the channel and the 
spectrometer subscripts. This matrix is saved in the WDS.DAT file. Data acquisition 
for one scan is about 3 min. 
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The data can be accessed by one of two 
programs, The first, QUALI, gives a list 
of all detected radiations with their identi- 
fication when it is possible (Fig. 5). An 
early version of this procedure consists in 
looking for the coindicence between the de- 
tected radiations and the best known theo- 
retical values contained in a table. The 
execution of this routine was fast because 
no correlation was made between the charac- 
teristic lines of each element. A more 
sophisticated routine that attempts to use 
these correlations between positions and 
relative intensity ratios still leads to 
some ambiguities. Automatic identification 
may be too rich or too poor according to the 
degree of peak selection. That is why the 
operator should intervene to decide whether 
the element is present or not. The second 
program, VTQUAL was specially written to 
help the operator in this task, 


CORREX 


| PHYS. DAT 


BISON | 


CONCOR. DAT | 


CONCOS. DAT | 


3.2. The Program VIQUAL. This program 
allows the processing of data stored in 
WDS.DAT file and the display of the spectrum 
on the screen of the DECVT 55 video terminal. 
Figure 6 shows the spectrum corresponding to 
the PET crystal, when the probe impinges on 
the same PbCuSbS3 mineral as was qualitatively 
analyzed by the QUALI program (Fig. 5). En- 
ergy resolution defined by half width at full 
maximum (HWFM) is clearly apparent on this 
record. The channel width quoted in energy 
corresponding to a step A sin 6 = 10> > ds 
dV(eV) = 12 398/(2d sin76). 

Table 2 below gives the order of magni- 
FIG, 4.--Schematic organization of the tude of the resolution obtained on the dis- 
Silicate treatment. played spectrum, with the different number 

of channels included in HWFM of peaks for 
each available monochromator taken into 
account. 

Resolution obtained on the displayed spectrum is twice as good as that we obtain with 
an EDS system for high energy (LiF crystal). It is increased by a factor of 4-6 for the 
medium energy range (PET and TAP crystals), in which many overlaps might occur. Moreover, 
light elements are detectable. We have developed four programs allowing the operator to 
identify elements associated with each line displayed on the screen. 


MARKER. A “"bug"’ is moved gradually channel by channel (or every 10 channels) by de- 
pressing of the carriage return key (CR) and the corresponding value of sin 0 is written 
on the screen. If we assume the bug is set on peak maximum that is supposed to correspond 
to a first-order radiation, it can be sent automatically to the second-order position upon 
operator request by typing of 2 and (CR). 

PEAK, This program generates a number of bars superposed on the spectrum to show ra- 
diation position and relative intensity for one element (Fig. 6). The operator selects a 
particular element by typing its atomic symbol. If a reasonable agreement is observed 
between the experimental peaks and the bars, the result is saved on a file for further 
use. Another option allows some sequential search by starting from the first element 
available on the monochromator in question. In case a coindicence between peaks and 
bars occurs the name of the corresponding element is saved. When the exploration of 
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$ QUALITATIVE ANALYSIS @ 


ACQUISITION BY WBS-SCANNING 7 PO YOU WART A BREW HIGHER LEVEL IDENTIFICATION 7? ¥ 

SPECTR. NO: 40 & XTAL > TAP SPECTR. NO: i 48 XTAL : TAP 

SYHE LANBDA = SEN(A) COUNT SYMB LAMBDA SIN(A) COUNT 

PIMA 6.046 9.23446 i188. 46.756 6.41846 1481. 

YLA 6.449 8.25836 694. 

CARE 6.716 @.26173 148. SPECTR. ND: 2 & XTAL ¢ LIF 

SRCR 6.863 6.26785 1953. 

SIKA 7.125 @.27749 423. SYHE LAMBRA  SIN{A} COUNT 

ASLA 9.671 0.37889 238. 

SELB 18.175 @.39495 238. CUKA 4.541 @,38263 6818. 
18.318 6.40182 305. BCUK 3.082 @.76578 484. 

2PBH 16.578 @.44142 G19. 200K 3.242 6.90116 568. 
1@.75@ @.44846 1481. 

CULA 13.378 6.51915 722. SPECTR, NO: 3 & XTAL : GEPE 

251K 14.25¢ 8.595488 5¢@. 

CUMN 15.289 @.59248 4. SYHB LAMBDA SIN(A) COUNT 

ZALK 15.919 @.61637 137. 

COLA 15.97@ @.62634 Jit. 


: SPECTR. NO: 4 & TAL : PET 
SPECTR. NOD: 2 & KTAL : LIF 


; “SYNE LAMBDA SINCA) COUNT 
SYMB LAMBDA SINCA} COUNT 


2cQOK 3.242 8.36837 Jie. 


KREA €.98@ @.24378 ‘£872. #SE 3.439 8.39274 5897. 
aSkA 41.476 @.23171 4356. BITC 5.415 58012 2147. 
ERLA 1.381 8.33456 277. FEMA §.285 3.68438 2666. 
cups 4,392 @.3456@ 972. SKA 5.372 0.61456 6868. 


CUKA 1.544 6.38389 6818. 
FEKA 1.936 @.48741 244. 
BASK 2.352 @.5831@ 9 451. DO YOU WANT A NEW HIGHER LEVEL IDENTIFICATION 2? 8 
ZCUK 2.784 0.69116 95. 
ZINK 2.87@ 8.70503 78. 
CUSC 3.031 @.78075 154. 
ZOUK 3.682 8.76578 464. 
ILA 3.148 8.78282 81. 
3.492 6.79286 53. 
200K 3.242 8.88116 5468. 


SPECTR. ND: 4 8 XTAL ¢ PET 
SYKB LAMBDA  SIN(A) COUNT 
Lala 2.668 ©.3¢766 375. 
ZINK 2.878 8.32545 722. 
CUSC 3.631 @.345¢4 1142. 


2ctuK «3.082 @,78078 148. 
TLA 3.4148 8.35876 453. 


ae er , een FIG. 5.--QUALI automated WDS qualitative analysis: 
al mee eee oo: peak detection and identification. Specimen: 

m4 « * fe . 

“SKE 5.832 9.57531 246. natural bournonite (PbCuSbS3). E. = 20 kV, 

BITC 8.415 @.58012 2117. I = 30 nA p 

PRHA 5.285 9.69438 2666. sp ° 

SKA 5.372 9.61458 6268. 


¥La §.449 8.73831 973. 
3CRK 6.878 9.78738 95. 


FIG. 6.--PET monochromator spectrum displayed on DEC VT 55 video terminal (VTQUAL). Same 
specimen as in Fig. 5. Brighter bars superimposed on spectrum indicate theoretical peak 
position and relative intensity for each detectable element (PEAK). 
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TABLE 2.--Characteristics of spectrum displayed by VTQUAL program for WDS 
automated qualitative analysis. 


Monochromator | Analyzed Energy Range | Channel width (ev) | Mean HWFM (ev) 
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FIG. 7.--Hardcopy output from VTQUAL: PET monochromator spectrum. Same specimen as 
in Figs. 5 and 6. 
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the whole spectrum is performed, results are shown on the video screen and a hard copy of 
both spectrum and list of recognized elements may also be printed to keep track of the ex 
periment (Fig. 7). 

LOG, This option just displays the spectrum intensity on a logarithmic scale. It is 
particularly useful in case of large variations of peak intensities on the same displayed 
data. 

ZOOM. This program allows a region of interest to be enlarged. This region is 150 
channels wide and its origin can be moved along the energy axis upon the operator's re- 
quest. These regions are sequentially displayed and marked by a brighter band at the 
lowest part of the spectrum image. Between two successive possible regions of interest 
there is an overlap of 50 channels. For instance two distinct regions have been selected 
and superposed on the same photograph in Fig. 8. An extended view corresponding to the 
highest energy range shown on the previous record is given in Fig. 9. A shaped mark bar 
is then available that allows the value of sin 9 associated with each channel to be known 
(Note the distance between SKa and PbMa lines, which are completely resolved.) A second 
example showing the energy resolution obtainable with the sequential WDS qualitative ex- 
ploration and display is shown in Fig. 10, illustrating the silicon K spectrum with a TAP 
crystal. 


Figure 11 summarizes the general flowchart of the VIQUAL program included into the 
WDS qualitative analysis package. The latter similary to the quantitative CORREX routine 
used in point quantitative analysis is written in FORTRAN language. 


FIG. 8.--ZOOM option of VTQUAL. Parts of spectrum to be enlarged are indicated by 
brighter bands along wavelength axis of displayed spectrum. 


ConeLluston 


In setting an automated microprobe for geological applications our first aim was t 
offer a powerful software that would allow the operator to perform quantitative analys 
of silicate on a routine basis. The use of FORTRAN allows us to reach this aim. The 
analytical capability of the equipment led us to develop new programs that meet the th 
needs of the geoscientsit. The automated WDS qualitative-analysis program that has 
been developed provides all the information the operator needs to prepare a quantitati 
procedure for unknown or unusual materials. This program is particularly useful for s 
fides because these materials contain many impurities. The next step in developing so 
ware for geological applications will concern trace elements and digital quantitative 
x-ray image analysis. 
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FIG. 9.--ZOOM option of VTQUAL: 
enlarged view of regions of 
‘ interest selected in Fig. 8. 
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FIG. 10.--ZOOM option of VTQUAL: 
enlarged silicon K spectrum (TAP f SiKa 
crystal). SiIKB 
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FIG. 11.--Schematic flowchart of VTQUAL 
program. f = 


F SELECT | 
OPTION : 
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AUTOMATED ELECTRON MICROPROBE IDENTIFICATION OF MINERALS IN STREAM SEDIMENTS FOR THE 
NATIONAL URANIUM RESOURCES EVALUATION PROGRAM 


W. C. Mosley Jr. 


The National Uranium Resources Evaluation (NURE) program was begun in 1973 to improve 
the assessment of uranium resources in the continental U.S. and to identify areas favor- 
able for commercial exploration. The Grand Junction Office of the Department of Energy 
administers and coordinates NURE efforts. The Savannah River Laboratory (SRL) has respon- 
sibility for hydrogeochemical and stream sediment reconnaissance in 37 eastern and western 
states. A scanning electron microprobe quantometer (SEMQ), purchased from Applied Research 
Laboratories, is used to identify minerals in anomalous NURE sediment samples. 

These anomalous sediment samples have high values of the ratio: 


in(U content) 
in(Th content) + In({Hf content) + In(Dy content) 


as determined by neutron activation analysis.! This ratio is higher for ore-type minerals 
than for weather-resistant uranium-bearing minerals such as monazite (Ce, ThP0O,), xenotine 
(Y, DyPO.,), and zircon (Zr, HfSi0,). The SEMQ, with six automated x-ray spectrometers and 
on-line data reduction, provides the rapid, quantitative analyses needed for good geochem- 
ical characterization of sediments.? 

When NURE stream sediment samples are collected, they are wet-sieved through a 40-mesh 
screen, and particles less than 420 um in diameter are retained for analysis. In the lab- 
oratory, the samples are dried and sieved through a 100-mesh screen. Some of the particles 
less than 149 um in diameter are analyzed by neutron activation analysis. Based on the re- 
sults of this analysis, samples may be selected for SEMQ analysis. 

If SEMQ analysis is desired, a fresh portion of sample is used. The particles are sep- 
arated by suspension in tetrabromoethane (density = 2.96 g/cm?) to remove light quartz and 
feldspar particles. The dense particles that settle out have different magnetic suscepti- 
bilities. A strong magnet recovers highly magnetic particles (MSI), and_the remaining par- 
ticles are separated by a Frantz Isodynamic Magnetic Separator Model L-1~ (S. G. Frantz Co., 
Inc) into four fractions (0.3A, 0.55A, 1.0A, and HSI) with decreasing magnetic susceptibil- 
ities. For SEMQ analyses, particles from each fraction are embedded in 1.0in.-dia. Kold- 
Weld TM mounts (Precision Dental Manufacturing Co.), ground, polished, and coated with a 
thin layer of carbon. 

Mounted samples are examined in the SEMQ with the 300X optical microscope. About twenty 
particles on each mount are randomly selected, and their coordinates are filed in the com- 
puter. These particles are then automatically repositioned under the electron beam for 
SEMQ analyses. The electron beam is rastered over a 20 x 20um area to average out local 
inhomogeneities in the mineral particles. 

Several schemes were developed for analysis of NURE sediments. The most useful scheme 
analyzes 17 elements: in about 7 min (Table 1). The peak-seeking capability of the SEMQ is 
used to determine spectrometer settings during standardization, and the same settings are 
used for particle analyses. Backgrounds are calculated from the average intensities mea- 
sured at spectrometer settings above and below the peak settings. Pulse height analyzers 
are used to eliminate higher-order x-ray interferences at the peak and background settings. 
The Bence-Albee method,? which empirically corrects for adsorption, fluorescence, and atomic 
number, is used for data reduction. Detection limits for all elements measured, except 
boron and oxygen, are < 0.05wt%. Detection limits for boron and oxygen are 1.0 and 1.9wt%, 


The author is a staff physicist in the Analytical Chemistry Division of the Savannah 
River Laboratory, Aiken, SC 29801, which is operated for the U.S. Department of Energy by 
E, I. du Pont de Nemours §& Co., under Contract AT(07-2)-1. 
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TABLE 1.--Seventeen-element analysis scheme used to analyze NURE stream sediments. The 
beam voltage is 15 keV and current is 30 nA. Counting time for both peak and background 


is 10 sec. 
1 2 3 4 5 
LAF APD RAP PbSD PET 
Lo Bee 


Spectrometer 
Crystal 


Element, Line (Cycle 1) a » Ka Ce, La 
Element, Line (Cycle 2) P, Ka 0, Ka Cr, Ka 
Element, Line (Cycle 3) Fe, Ka 


Standards: Apatite (Ca, P); Rutile (Ti, 0); Chromite (Cr, Fe, Mg, Al); 
Zircon (Zr, Si); Sintered Rare Earth Oxide (La, Ce, Y); 


Lithium Niobate (Nb); ThO. (Th); UO, (U); and NBS Glass SRM K495 (B). 


2 da 
respectively. Analyses of reference materials showed that the calculated compositions are 


accurate enough for mineral identification. ; 
To facilitate identification of minerals in stream sediments,* the reported composi- 


tions of about 200 rock-forming minerals were cataloged according to composition. Over 
500 stream sediment particles have been analyzed. About 96% have been identified as dis- 
tinct minerals. Most of the others appeared to be mixtures. Table 2 lists the 17 mineral: 
identified in sediment samples. Only zinc-bearing gahnite had to be analyzed further for 
positive identification. 


TABLE 2.--Minerals identified in NURE stream sediments. Monazite and zircon are the only 
minerals with uranium concentrations significantly above detection limits. 


IImenite Almandine Magnetite 
Amphibole Monazite Epidote 
Tourmaline Rutile Sphene 
Clinozoisite Quartz Hornblende 
Staurolite Zircon Ferrohypersthene 
Kyanite or Sillimenite Gahnite 


Monazite and zircon were the only minerals with concentrations of uranium Significanth 
above the detection limit. The Frantz Isodynamic Magnetic Separator’ isolated the monaziti 
into the 1.0 fraction. Monazite particles in anomalous sediments contained up to 3.7wt% 
uranium. This uranium concentration is unusually high for monazite, which normally has 
about 0.5wt% uranium, and may be the cause of the anomaly. 
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INTERACTIONS OF SIMULATED WASTE RADIONUCLIDES AND ROCKS 
Paul F. Hlava and Thomas E. Hinkebein 


In order to predict the long-term sorptive properties of common rock minerals in the 
vicinity of a radioactive waste repository, it is necessary to understand the mechanism 
of sorption and to know which are the active sorptive minerals. This paper describes the 
results of an electron microprobe study designed to further understanding of these proces- 
ses and materials. Ion exchange is usually assumed to be the most important mechanism of 
sorption; therefore, radionuclides are assumed to be associated with minor clay constitu- 
ents. However Jenne has questioned the role of ion exchange in many geological sorption 
processes.! Wet chemical studies do not easily lend themselves to the discovery of the 
active sorptive minerals without the destruction of the rock and the possible altering of 
the sorption properties. This study is nondestructive and has sought correlations between 
concentrations of test ions on the surface of the rocks and the associated mineralogy in 
elemental distribution photomicrographs obtained with the automated electron microprobe. 
Although individual clay particles are usually smaller than the resolution of the electron 
microprobe, we have seen that active clays are frequently found in clusters or exist as de- 
trital grains which lend themselves to examination. A more complete description of the 
work described here may be found in Ref. 2. 

Four rock samples were chosen for this study: a core sample of argillite taken from the 
Eleana formation in the Nevada Test Site at a depth of 1805 ft, and three core samples from 
AEC #8 in the Los Medanos area of Southeastern New Mexico. The New Mexico samples are Bell 
Canyon Sandstone from a core depth of 4823.4 ft, Magenta Dolomite from the Rustler Forma- 
tion at 749.5 ft, and a halite sample from the Salado Formation at 2186 ft, which contained 
7.8% by weight of clay. Four rock chips from each of the core samples were ground to flat- 
ness with No. 600 carborundum paper and then were equilibrated as follows: the first chip 
with a Cs solution, the second with a Sr solution, the third with a Gd solution, and the 
fourth with a U solution. Relatively concentrated solutions (Cs was 0.19 M, Sr was 0.00057 
M, Gd was 0.064 M, and U was 0.0042 M) were used for each of the test ions to insure that 
the microprobe could detect test ions on the rock surface. The rocks were then flushed to 
remove excess ions from the surface and then examined with the electron microprobe, operated 
in the wavelength dispersive mode, to find accumulations of the test ions on the surface. 
Elemental distribution photomicrographs were then taken for key elements in the minerals 
given by an x-ray analysis of each of the rock samples. Matching of the qualitative infor- 
mation given in the elemental distribution photomicrograph with tabulated mineral analyses 
made it possible tentatively to identify many mineral phases and at the same time to tell 
whether those mineral phases had affinity for the test ions. 

It was found that Cs was detectable only on the Eleana shale sample and was probably 
associated with illite-vermiculite; Sr formed insoluble carbonates and sulfates on the Ma- 
genta, Bell Canyon, sandstone and the clay-bearing halite; U was sorbed by both the Magenta 
and the dirty salts where it is likely that U entered a sample exchange reaction with ei- 
ther dolomite or magnesite to form U0,CO3. In the case of Sr and U, the carbonates and 
sulfates are too soluble to be of importance for tracer migration unless the ions partici- 
pate in a co-precipitation reaction. Gd was sorbed on all four rock samples. The Gd sorb- 
ing mineral present on each of the rocks was possibly chamosite or chlorite, although some 
hydrolysis of Gd occured on the dolomite. 

The distribution of Gd on the Bell Canyon sandstone is shown in Fig. 1, and is used to 
illustrate the method of analysis performed on other specimens. There is a strong prefer- 
ence of Gd for the assemblage of elements, Fe, Mg, Al, and Si, indicative of chlorite. An 


The authors are with Sandia Laboratories, Albuquerque, N.M., a facility of the U.S. 
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area of dolomite at coordinates (3 right, 1 up), where (0,0) is the center of the grid, 
shows a slight Gd affinity as a result of hydrolysis. Subsequent to the analysis per- 

formed on chips of material, geologic thin sections were prepared without cover slides 

and then examined with the petrographic microscope and the electron microscope operated 
in a quantitative mode. This analysis lends further support to the original suggestion 
that chlorite is an active mineral for Gd. 


Sunmary 


Although the solution concentrations used in this study were relatively high and in 
some cases led to the formation of compounds that are unlikely to form at tracer levels, 
the study has shown that the underlying mineralogy is amenable to investigation with the 
electron microprobe. The methods presented here may be adapted to tracer level work by 
using autoradiography in conjunction with microprobe analysis. This technique should be 
helpful in determining not oniy the active sorptive minerals but also the mechanism of 
sorption. 
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FIG. 1.--Elemental distribution photomicrographs of gadolinium-contaminated Bell Canyon 
sandstone. Gd is associated with assemblage of elements Fe, Mg, Al, and Si, indicative 
of chlorite. Grid size, 50 um per division. 
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RELATIVE ABUNDANCES OF COMMON ELEMENTS IN COAL MACERALS 
Robert Raymond Jr. 


Macerals in coal are the organic equivalent of minerals in rock. They are microscop- 
ically observable units and in some cases can be correlated to original plant material. 
Within coals, common elements can be so finely dispersed as micromineral inclusions or as 
organically bound components that potential for their removal prior to coal processing is 
negligible. The electron probe microanalyzer (EPM) was used to determine how Na, Mg, Al, 
Si, S, K, Ca, Ti, and Fe are distributed throughout macerals on a submicron scale. Eight 
types of macerals were examined: vitrinite (V), psuedovitrinite (Pv), fusinite (F), semi- 
fusinite (Sf), macrinite (Ma), micrinite (Mi), sporinite (S), and resinite (R). Analyzing 
a variety of coal samples elucidated several trends correlating the distribution of common 
elements with macerals. 


Sample Preparatton and Analysts 


Coal samples were provided by the Coal Section of the Pennsylvania State University. 
The samples are from 18 localities within the USA and range in rank from low-volatile bi- 
tuminous to subbituminous C, and in age from Pennsylvanian to Paleocene. Proximate and 
ultimate analyses performed by the Pennsylvania State University Coal Section further sug- 
gest the 18 samples are a random grouping. 

The samples had previously been ground to -20 mesh size. Upon receipt, they were 
split, potted in epoxy, and made into polished 2.5cm rounds, approximately 120 um thick. 
The rounds were mounted on 27 x 46 mm glass slides, and photomicrograph mosaics of por- 
tions of the samples were prepared at approximately 400x magnification. Mosaics are nec- 
essary since the samples must be carbon coated for conductance during electron bombardment. 
Once the samples are carbon coated, reflectance levels are obscured and maceral identifi- 
cation is extremely difficult. I identified coal macerals present in the mosaics by oil- 
immersion reflected-light techniques. Where possible, five examples of all maceral types 
within each section were located. In most cases fewer than five examples of some macerals 
could be found; fewer than five were therefore analyzed. Our EPM has a 400x-magnification 
optical system, and I used morphology of the various coal grains in conjunction with the 
mosaics to locate exactly the points of analysis. 

To minimize errors in the measurement of low-level concentrations, oxygen and carbon 
contents defined by specific rank of the coal samples were included in matrix (ZAF) correc- 
tions, and background factors were computed on coal samples. The low-level concentrations 
measured in these analyses cannot be considered entirely quantitative, but consistency of 
measurements for particular samples shows that the results are quantitative on a relative 
basis. Therefore, comparisons of elemental concentrations within macerals of an individual 
sample and between samples appears justified. 

Since the intent of this research was to determine how various common elements are dis- 
tributed within coals on a submicron scale, visible mineral assemblages were avoided during 
analyses. Data were not accepted when sulfur and iron increased proportionally (as a result 
of unobserved FeS» or FeS@, minerals), or where element concentrations were so high that an 
analysis was apparently dominated by some other unobserved mineral. 


Results 
Figure 1 is a compilation of sulfur concentrations of macerals. Of all the common ele- 
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ments studied, the most consistent relation- 
ship exists between sulfur and the various 
SULFUR macerals; the ranking of sulfur contents is: 
vitrinite, micrinite, sporinite and resinite 
22.0 wt % > psuedovitrinite > macrinite > semifusinite 
> fusinite. These sulfur contents are in- 
ee oo terpreted to be organic since no correlation 
exists between sulfur and iron contents. An- 
other possibility is elemental sulfur, but it 
>1.0 wt % ts unlikely that sulfur would be homogeneous 1) 
distributed throughout each maceral in ele- 
mental form, Indeed,R. T. Greer (personal 
communication, 1979) measured the elemental 
sulfur contents of many of these samples by 
} | means of gas chromatography; he reports con- 
| >0.75 wt % centrations are well below the levels measur- 
| | tf able with the EPM. The four histograms in 
Fig. 1 show that as organic sulfur content 
of coals increases, the concentrations of 
| organic sulfur in various macerals also in- 
| creases relative to each other maintaining 
20.5 wt % _~ the consistent relationship discussed above 
(see also Table 1). 

Figures 2a and 2b are compilations of the 
analytical data on the other elements with 
respect to coal macerals. The wt% values in 
the histograms were chosen objectively to 
represent a concentration greater than back- 
ground (> 0.02wt%), a substantial presence 
of the elements measured at two different 
concentration levels (> 0,05wt% and > 0.10wt% 
and the presence of a relatively large compo- 
nent of the element (> 1.0wt%). As can be seen, a large percentage of the micrinite sample 
contained abundant K, Ti, Al, Si, Na, and Fe. In fact, these elements are more commonly 
found associated with .micrinite than any other maceral. with the exception of Ti's affinit 
for vitrinite. Al and Fe are also associated with vitrinite, but not as commonly as with 
micrinite. Vitrinite commonly contains Ca in low concentrations, but possibly more impor- 
is Ca's very strong affinity for fusinite. Mg likewise has a strong affinity for fusinite. 
Semifusinite and sporinite contain relatively high concentrations of K, Al, and Si. 

Additional trends concerning relative concentrations of elements were also apparent. 

Si only increases with increasing Al concentration, though in four coals Al concentration 
increases whereas Si did not. K increases with increasing Al, Si, and Fe. With increasing 
Ca concentrations, Mg likewise increases. Fe is associated with a variety of other ele- 
ments, although it is most commonly found with Al and/or Si. In some cases, whereas Si re- 
mains low, Fe increases as does Ca, Mg, Al, and Na. In a few coals certain elemental con- 
centrations were high in all macerals: (1) Na, Mg, Al, Ca, and Fe in PSOC 529, a subbitu- 
minous B coal from Wyoming; (2) Ti in PSOC 408, a low-volatile bituminous coal from Okla- 
homa; and (3) Na in PSOC 458, a high-volatile bituminous coal from Utah. 


FIG. 1.--Percentages of samples for which the 
8 maceral types contain more than 0.5, 0.75, 
1.0, and 2.0wt%S. 


Discusston 


A previous study! employing a recently developed method based on the EPM* has corre- 
lated organic sulfur content of coals to depositional environments. The study showed that 
coal samples with nonmarine overburden contain the least weight percent organic sulfur, 
whereas those with marine overburden contain the greatest weight percent organic sulfur. 
Furthermore, it showed that although the organic sulfur content of a coal deposited in a 
nonmarine environment may be low during deposition, later saturation by marine waters may 
increase organic sulfur content to concentrations greater than those resulting solely from 
a marine origin of coal. In the 18 samples reported in the present study, organic sulfur 
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0 >0.02 wt % 
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21.0 wt % 


20.10wt % 


20.05wt % 


20.02 wt % 


V Pv F Sf MaMi S R V Pv F Sf MaMiS R 


FIG. 2a.--Percentages of samples for which the eight maceral types contain more than 
0.02, 0.05, 0.10, and 1.0wt% of K, Ti, Al, and Si. 
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ot eee >0.10 wt % 
| as Sauer: 


= i_i 20.02 wt% 
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21.0wt% 


20.10 wt Yo 
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20.02 wt% 
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FIG. 2b.--Percentages of samples for which the eight maceral types contain more than 
0.02, 0.05, 0.10, and 1.0wt% of Na, Mg, Fe, and Ca. 
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values vary from 0.32 to 3.07wt%, suggesting depositional environments ranging from non- 
marine to marine, respectively. (Concentration and morphology of primary pyrite subs tan- 
tiate that.) But even though alterations in water chemistry have affected the total or- 
ganic sulfur contents of the coals, the concentration of organic sulfur in various macerals 
increased relative to each other and maintained a consistent relationship (Table 1). 
Therefore, it appears that organic structure controls to what degree specific coal macerals 
can and will absorb organic sulfur. In other words, by studying the relative organic sul- 
fur contents of macerals, we should be able to aid our understanding of their chemical 
structures. 


TABLE 1.--Percentages of organic sulfur present in the eight maceral types for coals con- 
taining relatively high and low wt% of organic sulfur. 


PSOC 287 
PSOC 270 
PSOC 506 
PSOC 458 


**None of this particular maceral was present in the sample for 
analysis. 


With respect to the data on other common elements and their relationships to macerals, 
there are several possible interpretations. First, since micrinite is an aggregate Of sub- 
micron grains, analyses of micrinite must of necessity include both the grains and any ma- 
terial in intergranular spaces. One should thus expect the presence of the common rock- 
forming elements in the analyses, which implies that with an increase of micrinite in coal, 
there would likewise be an increase in the presence of many common elements that would not 
be separable prior to processing. 

The strong affinity of Ca for fusinite is substantiated by L.A. Harris (personal com- 
munication, 1979), who observed submicron, rhombohedral crystals in fusinite. The close 
relationship between Ca and Mg might suggest that in many cases the rhombohedral crystals 
are dolomite. 

Numerous various relationships between Al, K, Si, and Fe, and possibly Na, Mg, amd Ca, 
suggest that a spectrum of clay minerals are present: kaolinite (Al and Si); illite CK, 

Al and Si); and montmorillonite/nontronite (Na, Ca, Al, Mg, Si, and Fe). A wide range of 
possible solid solutions within the clay mineralogies makes specific correlations between 
individual elements for all coals very tenuous. 

The presence of Al and Fe without the presence of Si are suggestive of diaspore . and 
siderite. Where various elements are commonly found in all macerals of a coal, that coal's 
depositional environment probably contained high concentrations of those elements. The 
elements would have been absorbed into the lattice structures of the macerals, in a way 
very much similar to that suggested for organic sulfur. 

The views reflected here are based on a preliminary interpretation of data resul ting 
from more than 500 analyses. Further statistical analysis of the data, as well as amaly- 
sis of additional samples, is needed before more specific conclusions can be drawn concern- 
ing the presence of common elements in coal macerals. 
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EPMA~-SEM AS TOOLS IN THE INVESTIGATION OF HYDROCRACKING PROCESSES 
R. H. Packwood, J. F. Kriz and D. J, Patmore 


As conventional petroleum reserves become depleted it is good sense to develop such 
technology as may be required to insure their replacement by less conventional sources, 
such as Tar Sands Bitumen and Heavy Oil. CANMET has developed a hydrocracking process 
for the upgrading of these high-sulfur materials that has considerable advantages in 
terms of fluid yield over the ''coking processes" used at present. 

Various advanced techniques of analysis are being used at present to help research and 
development efforts in this area. The microprobe and SEM coupled with Energy-Dispersive 
X-ray Spectroscopy (EDXS) have been used to investigate catalyst behavior, reactor solids, 
solids in the starting bitumen, and candidate alloys for reactor construction. By way of 
illustration, two investigations are described here that touch on problems in catalytic 
and thermal hydrocracking. 


Catalytic Hydrocracking 


Previous work on the fouling of some Co-Mo/Al,03 catalyst pellets indicated that the 
elements in the deposition which caused greatest concern (V, Ni, and Fe) were distributed 
in a radial fashion as shown schematically in Fig. 1.! Byidently, the poisons when dis- 
tributed in this manner can block off the remainder of the icshta ie material and thus 


o 


V( REDUCED 3X) 


WEIGHT % — 
” 


0 100 200 
DEPTH (jum) —= 


RELATIVE WES _____ 


FIG. 1.--Schematic distribution of Fe, V, 
and Ni in outer layers of Co-Mo/Alj03 cat- 
alyst after 120 hr of use. Surface at 
zero of distance scale. 
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FIG. 2.--Elemental line profiles for Mo and 
Al across used catalyst extrudate. 
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greatly reduce its overall effectiveness. This behavior has led to the search for cheap 
and/or fouling resistant catalysts. 

A variety of catalyst/substrate combinations were tested in the form of extrudate, 
which is quick and economical to produce. However, unlike conventional catalyst pellets, 
extrudates are often very fragile. Attempts to strengthen the extrudates by vacuum inm- 
pregnation with epoxy resin met with. limited success; frequently the resin had only pene- 
trated the outermost layers of the extrudate, 

Accordingly, a high-pressure method was devised for driving epoxy or any other fluid 
mounting medium into the catalyst at pressures reaching 100 MPa (circa 15 000 psi). A 
heavy-walled aluminum sample cup, 2.5 cm in diameter, with 3mm-thick walls, was used to 
hold the extrudate and resin. The resin is contained and pressurized via a 2.5mm-thick 
neoprene rubber washer by squeezing of the assembly in a metallurgical mounting press. 
Once the resin had cured, the base was turned down in a lathe and standard techniques were 
employed in preparing polished cross sections for microprobe analysis. Typical x-ray line 
profiles obtained from such samples are shown in Fig. 2. The sharp dips in the traces are 
due to drying cracks that traverse the material. The epoxy resin must absorb some of the 
generated x-ray intensity, but that is a slight effect and much more acceptable than the 
artifacts produced by a nonflat surface. When Sn-containing catalysts were examined for 
their activity, a notable sintering effect was observed in used catalyst samples .? 

Figure 3 gives some indication of the reason. The cross section in Fig. 3a shows 
bright "metallic" precipitates along grain boundaries and cracks. The microprobe showed 
these to be Sn and S in equal atomic proportions. Figure 3b is an SEM micrograph of a 
broken extrudate, unfilled with resin. The crystals seen covering the old crack walls 
were shown with the EDXS system to be Sn- and S-rich. Evidently the Sn, originally highly 
dispersed, has been concentrated into these precipitates with a corresponding loss in active 
surface area. 


(a) = imate, (b) 


Bright regions are SnS. (b) SEM micrograph of broken section through used Sn/Al203 cata- 
lyst extrudate. Crystals are SnsS. 


Work reported elsewhere has focused on the distribution of catalyst fouling agents as 
a function of mean pore size.? 
Thermal Hydrocracking 


During thermal hydrocracking, such as with the l-barrel/day pilot plant at CANMET, it 
is very important to prevent the deposition of coke on vessel walls and lines. Such de- 
posits can cause premature plant shutdown. During the course of a run, which may last up 


lll 


to 21 days, a suspension of solids builds up in the reactor. To determine the role played 
by this material in the deposition of coke in the system one must identify the nature of 
these solids, which are separated by toluene extraction from liquid samples taken from the 
reactor during the run. 

A sample of these deposits was prepared for examination by mixing with an equal volume 
of acrylic resin and polymerizing the mixture after it had been thoroughly stirred. Stan- 
dard preparation techniques were used to obtain cross sections through the samples. X-ray 
mapping was used as a preliminary examination, followed by EDXS of typical particles and 
line traces across those thought to be most interesting. The EDXS spectra were quantified 
with our own computer program. Figure 4 shows a montage of x-ray maps together with an 
SEM micrograph. It is evident that V- and S-rich agglomerates are prominent. Hollow par- 


$.. a ee Fe 
FIG. 4,--X-ray maps of toluene-insoluble particles found in CANMET thermal hydrocracking 
process. 


ticles can be seen that probably contained loose agglomerations lost during polishing. 
Traces across particles with inclusions at their centers give line profiles like those 
seen in Fig. 5. 
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FIG. 5.--Elemental line profiles for V, Fe, Ni, Al, and Si through particles with included 
material seen in Fig. 4. 
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MICROPROBE EXAMINATION OF NITROGEN AND OXYGEN CONTAMINATION IN ZIRCONIUM ALLOYS 
J. E. Bohning 


The examination of defects in metallic samples for nitrogen and/or oxygen content by 
microprobe analysis is often hampered by the usual problems encountered in quantitative 
probe analysis for these elements. Low peak intensities and low peak-to-background ratios 
are especially pronounced for light element (atomic number below 11) content levels in the 
range of 0.5 to 10.0 wt.%. Analyses for nitrogen and oxygen in hard spot defects in 
Zircaloy-4 have been successfully performed in our microprobe laboratory for several 
years. The techniques and equipment used are described in the following report along 
with the results of an analysis performed on a typical defect in Zircaloy-4. 

The quality of analyses for nitrogen or oxygen is directly related to the physical 
characteristics of the spectrometer system and the chemical composition of the standards 
used. The microprobe used in our laboratory is a Hitachi XMA-5. The spectrometer used 
for nitrogen or oxygen analysis is equipped with a lead stearate pseudocrystal and a 
thin-window flow proportional detector. The detector gas used is argon-10% methane (P-10), 
flowing at approximately one-quarter of atmospheric pressure. 

Standards used in the analysis of nitrogen or oxygen should be selected with care af- 
ter consideration of the anticipated composition of the samples to be analyzed. Standards 
Similar in composition to the samples analyzed have been found to be the best choice for 
the quantitative analysis of light elements.! The use of such standards minimizes atomic 
number, absorption, and fluorescence (ZAF) effects when x-ray intensity ratios of sample 
count rates to standard count rates are calculated for most light element characteristic 
lines. We have used ZrN as the standard for the analysis of nitrogen and ZrQ5 as the 
standard for the analysis of oxygen in zirconium alloys. We have found in the calculation 
of theoretical x-ray intensity ratios (k-values) for a variety of zirconium-tin-nitrogen 
compositions that the ZAF correction factors for the nitrogen K-alpha (NKa) line are es- 
sentially constant for a range of nitrogen concentration from 0.5 to 13.3 wt.%. This 
finding confirms the statement made above about the minimization of ZAF effects for the 
analysis of nitrogen in zirconium alloys with ZrN used as the standard. The program used in 
these calculations was the HP-6 microprobe data-correction program written for use on 
small desk calculators.* This program is based on classical ZAF correction techniques. 

Nitrogen has been found to be one of the primary sources of hard spot defects in 
Zircaloy-4. These areas are usually found in metallographic examination to be alpha-phase 
zirconium; regions of twinned structure are also occasionally detected. Microprobe ex- 
amination of these defects is routinely performed for nitrogen, zirconium, and tin. Sam- 
ples are prepared by typical metallographic techniques. The final polish is a light- 
attack polish with a solution of 8% HNO3, 1% HF, balance water and 0.05um alumina polish- 
ing compound. Samples are cleaned in an ultrasonic bath prior to microprobe analysis. 

The standards used are ZrN for nitrogen and pure-element standards for zirconium and tin. 
Electron beam accelerating voltages used are usually in the range of 15.0 kV. A constant 
accelerating voltage is used in our laboratory for NKa, ZrLa, and SnLa microprobe analysis 
performed on the same sample, as our HP-6 correction program accepts only one accelerating 
voltage for each set of either k-values or true concentrations used as input. The prob- 
lems of peak wavelength shifts with changes in composition and the presence of higher-orde: 
interference lines usually encountered in analyses for NKa x rays are found to be of littl: 
difficulty in zirconium alloys if spectrometer positioning and alignment, pulse height 
shaping, and gain selection are carefully performed prior to analysis. The problem of 
carbon contamination on the region of analysis due to decomposition of vacuum-pump oil va- 
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pors by electron bombardment is minimized by the taking of readings on a variety of 
positions in the defect area while keeping the number and duration of the readings to a 
statistically acceptable minimum. Unfortunately, we have found the cold-plate anticon- 
tamination device in our microprobe to have little or no effect on the rate of contamina- 
tion buildup. 

These techniques were used to analyze a defect in a Zircaloy-4 sample showing both 
the alpha-phase zirconium structure and the twinned structure typical of nitrogen con- 
tamination. The distributions of NKa x-ray count-rate intensity I as a function of wave- 
length A taken from ZrN, pure Zr, and a Zircaloy-2 standard (NBS SRM360a), and the matrix, 
alpha-phase, and twinned structure defects in the Zircaloy-4 sample are shown in Fig. 1. 
The readings were taken at 0.1A intervals for 50 sec each. Background levels can be de- 
termined by linear interpolation between positions at equal distances on either side of 
the line peak.32 Owing to the lack of extreme curvature of the background levels seen on 
pure Zr and the SRM360a Zircaloy-2 standard, a correction for nonlinearity of the back- 
ground is not necessary in this case. The well-defined NKa peaks in both the alpha-phase 
defect grain and the twinned defect grain show the certain presence of nitrogen in each. 
The results of quantitative microprobe point analyses taken on the Zircaloy-4 sample ma- 
trix, alpha-phase defect grains, and twinned defect grains are given in Table 1 as calcu- 
lated weight % concentrations of N, Zr, and Sn. These values were calculated from k-values 


TABLE 1.--Calculated weight % concentrations of nitrogen, zirconium, and tin in the 
Zircaloy-4 sample matrix, alpha-phase grains, and twinned structure grains. 


Region of 
Analysis 


Matrix 


Alpha Phase Grains 


Twinned Grains 


by means of the HP-6 data-correction program mentioned above. The analyses were performed 
at an accelerating voltage of 13.4 kV, an electron beam diameter of less than 2 um, and a 
counting time of 50 sec per reading with four readings taken on each standard and sample 
area. 

The ability to obtain accurate and reliable results in the microprobe analysis of ni- 
trogen in zirconium has been shown here. Similar techniques can be used for oxygen or 
other light-element microprobe analyses in zirconium with comparable levels success in 
most cases. 
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5 
Analytical Electron Microscopy 


MULTIPLE SCATTERING OF FAST ELECTRONS IN THIN SPECIMENS 
Peter Rez 


Multiple scattering of fast (0.1-3MeV) electrons in transmission electron microscopy 
has important consequences for various aspects of microanalysis. The multiple scattering 
in the energy loss spectrum can have effects on edge visibility and quantitative results. 
The spreading of the beam due to multiple scattering is important for determining the spa- 
tial resolution of x-ray microanalysis.!~3 The aim of this paper is to show that one can 
take all these effects into consideration by solving the transport equation assuming small 
angle scattering. If diffraction and ail coherent scattering phenomena are ignored (not a 
good assumption for transmission microscopy but implicit in any Monte Carlo treatment) , 
the behavior of the electrons in the solid is governed by the Boltzmann equation with the 
appropriate boundary conditions: 


df df df as ' t t 3471 t fat 34,1 
i ie ee - vy ae fJo'(v,v')f(v',rid-v' - fo'(v',v)f(v,r)d°v (1) 
where f(v,r) is the probability of finding an electron traveling with velocity v at posi- 
tion r. In transmission microscopy, the scattering angles and energy losses are small com- 
pared to the incident beam energy. Equation (1) can be rewritten as 


df df df _ ie 2 2 7 t i a 2 
ae + 8 ay + oy dy * fo(8-6' ,E-E')£(6' ,E')d“6'dE' fo'(6'-6,E'~E)£(8,E)d“6'dE' (2) 


where 98 is a scattering angle and E is the electron energy; the z direction is normal to 
the specimen. As in all transport equations the first term on the right represents scat- 
tering into a given state from all other states (a state refers to a velocity, i.e., a 
given energy and direction of motion), whereas the second term represents scattering from 
a given state to all other states, and can be thought of as an "absorption." If spatial 
variation is neglected, the equation is much simplified: 


£(0,E,t) = exp(-ut) FT~![exp{FT[o(0,E) ]t}]FT[ £ (8,5) ] (3) 


where u = fo(0,E)d*0dE, t is the specimen thickness, and FT denotes Fourier transforma- 
tion. Effects of beam tilt or divergent incident beams are included in the incident beam 
distribution f£,(6,E). If only the energy variation is of interest then a one-dimensional 
Fourier transform is sufficient. For the angle scattering the cylindrical symmetry can 
be used and a Bessel transform replaces the double Fourier transform." These equations 
can be inverted to give single scattering profiles .5~7 We can handle the spatial varia- 
tion in a straightforward manner by taking the Fourier transform with respect to x and y. 
The solution, when the energy variation is neglected, is given by 8,9 


f(r,0,t) = FT-'Mexp[- sSé{u - [o(6 + zR)]dz}]£(R,6)} (4) 
where the variables R and 6 are defined from the Fourier transforms 
£(R,6) = S/£(r,0) exp(irR) exp(ie6) (5) 


If only a projection along one axis is required then the solution is required then the 
solution is that given by Snyder and Scott,!° The form of the cross section for the in- 
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elastic scattering is not well characterized so a spectrum of the form 1/[E3 + 1,25 x 10° 
was chosen with an edge at 300 eV, Figure 1 shows the effect of multiple scattering on 
the edge for thickness of one and two inelastic mean free paths. The gradient after the 
edge changes and the edge gets weaker, almost disappearing for a crystal two-mean free 
paths thick. Any quantitative procedure based on the correction of Isaacson and Johnson 
would give divergent answers for these cases. For elastic scattering a cross section 
based on the electron scattering factor (as defined by the Mott formula) should be used. 


ae ad PA 
o{6) = pi> Seance ha tas (6) 
ATEQ Eo ov 


where p is the density, Eg the electron energy, and f,(9) the x-ray scattering factor. I. 
the limit of large scattering angle the cross section becomes the same as the Rutherford 
cross section. For small angles any screening is properly treated as the electron charge 
density is incorporated in the x-ray scattering factor. Results show the effect of mul- 
tiple scattering on beam broadening and angular distribution of transmitted electrons. 
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DETERMINATION OF CLIFF-LORIMER k CALIBRATION FACTORS FOR THIN-FOIL X-RAY MICROANALYSIS 
OF Na, Mg, AND Al IN THE STEM 


Sudhir Mehta, J. I. Goldstein, D. B. Williams, and A. D. Romig Jr. 


Introductton 


In the scanning transmission electron microscope (STEM) quantitative x-ray microanaly- 
sis can be performed if the specimen satisfies the thin-film criterion proposed by Cliff 
and Lorimer.! This criterion states that if primary x rays are neither absorbed nor cause 
x ray fluorescence, a simple ratio technique may be used for quantitation. The ratio tech- 
nique uses the expression 


io) 
ro] 


A _ 
Cy ae ee (1) 


where I, and Ip are the simultaneously measured characteristic x-ray intensities, and Ca 
and Cp are the weight fractions of two elements A and B in the thin film. The constant 
Kap can be experimentally determined from thin-film standards or it can be theoretically 
derived from expressions that consider x-ray production in thin film and appropriate char- 
acteristics of EDS detector.* The constant kag varies with operating voltage but is inde- 
pendent of sample thickness and composition as long as the thin-film criterion is satisfied. 
Using an EMMA-4 instrument at 100kV operating voltage with specimen normal to the elec- 
tron beam and x-ray detector placed at a take-off angle of 45°, Cliff and Lorimer! experi- 
mentally determined values of kag for a series of elements A, relative to Si. These values 
are compared with calculated k values of Goldstein et al.* in Fig. 1. The calculated val- 
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—- CALCULATED 


FIG. 1.--Calculated and experi- 
mentally measured k values at 
100 kV as function of energy of 
the ky lines. (Error limits for 
measured Na k value werenot re- 
ported.) Solid curve represents 
calculated k values. 


X-RAY ENERGY (keV) 
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ues appear to fit the experimental values best above x-ray energies of 1.7 keV. However, 
for elements whose characteristic x-ray energies are less than 1.6 keV, e.g., Na, Mg, and 
Al, the fit is poor. Lorimer et al.3 report newly measured k values for Na, Mg, and Al 
that are lower than the original values; nonetheless, the new values are significantly 
higher than the calculated values (Table 1), and no explanation was proposed to account 
for the differences. Zaluzectand Fraser have shown that absorption of generated x-rays 


TABLE 1.--Comparison of the calculated k values of Goldstein et al.? with the measured k 
values of Cliff and Lorimer! and Lorimer et al. ,> 100 kV. 


Measured k Value 


(Lorimer et sh) 


Calculated k Value Measured k Value 


2 
(Goldstein et al.) 


Element (Cliff and porimer ys) 


due to carbon accumulation on the specimen during the analysis can have a significant ef- 
fect on the characteristic x-ray intensity ratio. This effect could also explain the dif- 
ferences between the calculated and the measured k values. The present paper presents the 
results of a study aimed at understanding this discrepancy by remeasuring Na, Mg, and Al 
values in an instrument different from the EMMA-4 (namely the Philips EM300 TEM/STEM) as : 
function of surface contamination, specimen absorption, and detector variables. 


Experimental Procedure 


The calibration factors, simply termed k values, were determined by measurement of the 
ratio of the ky radiation from Na, Mg, and Al relative to Si from three well-characterizex 
mineral samples, namely Albite Na [A1Si30g], orthoclase K [A1Si30g], and Forsterite [Mg 2S; 
For each element X the expression 

ie eae 
Ge, he (2) 
Si “X 
was used. The mineral samples were crushed under methanol and the slurry containing very 
fine particles was allowed to evaporate on formvar/carbon-coated beryllium microscope’ gric 
The samples were subsequently coated with approximately 30 nm of carbon to prevent charge 
buildup under the electron beam. 

The x-ray microanalysis was performed by means of an NSI rear-entry retractable S$i(Li) 
detector interfaced to a Tracor Northern NS 880 computer-controlled system. Specially de- 
Signed condenser apertures were inserted in the microscope column to minimize any spurious 
X-ray contribution to the detected spectrum.> The specimens were held in a beryllium "lo 
background" holder to minimize background x-ray emission from specimen-generated bremsstr: 
lung. X-ray count rate from the specimen was optimized by tilting the specimen through Xx 
towards the detector. Point analyses using an electron beam spot size of about 32 nm at 
100kV operating voltage and at 10, 60, and 120sec counting times were carried out on thin 
edges of crushed samples. The thickness of these edges, determined by measuring the rela- 
tive separation of the carbon contamination marks on the upper and lower surfaces of the 
foil® when tilted back through 36°, ranged from 150 to 250 nm. The determination of peak 
areas above continuum background was done using Tracor Northern's Super ML (Multiple Leas’ 
program.’ This program uses the principle of least squares to fit the experimental data ° 
a number of model functions, one for each peak, obtained from a reference standard under 
identical excitation condition, i.e., beam intensity, take-off angle, and excitation ener; 
We obtained Na, Mg, Al, and Si peak intensities in the complex mineral spectra by perform 
ing a ML fit to "pseudo-pure-element" Na, Mg, Al, and Si thin-film reference spectra ac- 
quired from reagent grade NaoCO3, MgO, AloO03, and SiO». Since Na, Mg, Al, and Si spectra. 
lines are closely spaced and occur in the low-energy region of the spectrum, where the un 
derlying background changes rapidly with energy, special diagnostic commands in the progr. 
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were used to test the performance of the ML fit in determining the peak intensities. 


Results 


Table 2 shows the results of k value measurements for Na, Mg, and Al as a function of 
X-ray counting time. The average error in 
TABLE 2.--Measured k values as function of these values is about +5%, derived from the 
x-ray counting time, 100 kV. uncertainty in Iy/Isj intensity ratio com- 
puted by the ML program. 
With an increase in x-ray counting time 
a nonlinear increase in k values was observed. 
The change was most noticeable in the case of 
Na, whose k value increased from 3.4 to 5.6 
(a 65% increase) for a corresponding increase 
in counting time from 10 to 120 sec; however, 
Mg and Al k values increased from 1.48 to 
‘1.58 and from 1.25 to 1.34, respectively (a 
% increase) when x-ray counting time was 
increased from 10 to 120 sec. 


X-ray Counting Time 


1.48 
1.25 


Diseusston 


1. Experimental and Theoretical k Factors. The exper imenta? k factors may be compared 
with those determined theoretically by Goldstein et al.“ from the equation 


Si 
Ay (Qa) 5 ote lpe ee 
1 
Wea oc 5, en ee he te: (3) 
me -u/o ly, eY 
Ag, (Q, wpa) y e Be 


where Ax and Ag; are atomic weights, Qx is the Green and Cosslett® value of the k shell 
ionization cross section, wx is the fluorescence yield, a is the Ky/(K, + Kg) ratio and 

u/o |8t and p/o|X_ are the mass absorption coefficients of Si and the element X in the Be 
window of the défector, 0 is the density, and Y is the thickness of the Be window. Since 
window absorption is particularly significant for elements of low atomic number, Goldstein 
et al.2 calculated the k values for Na, Mg, and Al after taking into consideration the ab- 
sorption of their characteristic x-rays by 7.5um-thick Be window of the EDS detector. (The 
Be window thickness of most EDS unites is 7.5 + 3 um). When these values are compared with 
10sec x-ray counting time measured values of Table 3, it is apparent that the measured val- 
ues are significantly higher than the calculated values. (The 10-sec measured k values 


TABLE 3.--Comparison of calculated k values of Goldstein et al.? with 10sec measured k 
values, 100 kV. 


Measured k value 


(10 sec, 100 kV) 


Calculated k value 


= 


Element (Goldstein et al. 


were chosen for comparison because they are least affected by surface carbon contamination 
and therefore represent the best measured values.) The cause of discrepancy between the 
measured and the calculated values is clearly not entirely one of window absorption, but 
it also depends on factors such as (1) the uncertainty in fluorescence yield and ioni za- 
tion cross section values in Eq, (3); (2) lack of precise information on Be window thick- 
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ness, needed to determine the exact amount of window absorption; (3) absorption due to 
carbon buildup on the sample and the Be window; and (4) absorption within the specimen 
itself. 


2. Absorptton Effects. (a) Surface Contamination. The increases observed in the mez 
sured k values of Na, Mg, and Al with longer x-ray counting time (Table 2) is attributed 
mainly to the absorption of low energy x-rays within carbon contamination layer which ac- 
cumulates on the sample as a function of time. From the expression 

Si 

eilel. os 
a Cc 

k,' =k, ———-————— (4) 
A (an / be x 
e HP lg Pe 


where ka' and ka represent 120sec and 10sec counting time measured values, p, is the densi 
of the carbon contamination film, X is the x-ray path length through the carbon film, and 
u/ele is the mass absorption coefficient for element A in carbon, the thickness X of a cai 
bon contamination layer that would give rise to the increased k value was calculated. The 
results indicate that a 500nm buildup of surface carbon per 60sec x-ray counting time woul] 
give rise to the observed changes in Mg and Al k values. However, it would require a 2um 
layer of surface carbon contamination to reconcile the increase in the Na k value. Actua! 
observations of carbon contamination spots in the microscope indicate that the carbon lay« 
is no more than 500 nm thick after 60 sec of counting time. It would therefore appear th: 
in the case of Na other factors besides surface carbon contamination could affect the ana: 
sis, such as operating voltage, beam intensity, absorption both in the Be window of the El 
detector and within the sample, and mass volatilization. 

(b) Specimen Absorption. Degradation of measured k values by absorption within the 
specimen for Na, Mg, and Al x rays relative to Si x rays was calculated from the modified 
thin-film criterion proposed by Goldstein et al.* This criterion states that for any set 
of two elements A and B considered in the ratio method the absolute value of (xp -,XxA) 
pt/2 < 0.1 or an absorption correction is necessary. The term XA is equal to u/p Spec 
csc a where u/ele ec iS the mass absorption coefficient for the characteristic x ray of 
element A in specimen composed of elements A, B, C..., and a is the angle between the sper: 
men and the X-ray detector, p is the specimen density, and t is the x-ray path length thr 
the specimen thickness. 

The results of these calculations show that for a specimen foil thickness of up to 50! 
the Mg and Al x rays are absorbed almost to the same extent as the Si x rays and hence th 
intensity ratios with Si remain unaffected, causing no significant differences in their k 
values. In the case of Na, however, a specimen-induced absorption correction is needed f 
Ina/Isji intensity ratio for a foil thickness greater than 250 nm. It may be pertinent to 
note that even when a good image is apparent in TEM-STEM, the thin film criterion for ac- 
curate analysis, may not be satisfied. 

(c) Detector Variables. If in Eq. (3) the thickness of Be window is changed from 7.5 
to 12 um, the newly calculated k values for Mg and Al are in excellent agreement with the 
10-sec measured k values (Table 4), but the Na k value is still considerably lower than t 


TABLE 4.--Calculated k values as function of Be window thickness compared with 10sec mea- 
sured k values, 100 kV. 


| Calculated k Value Calculated k value 


(Goldstein et ait) 


7.5 wm Be window 


Measured k value 


Element 


12.0 ym Be window (10 sec, 100 kV) 
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measured value. However, if the window thickness was actually 7.5 um, then using Eqn. (4) 
it can be calculated that absorption by 2-3 um of carbon buildup on the Be window can also 
cause the observed differences in the measured and the calculated k values. Since the EDS 
detectors are always kept at the liquid No temperature, it is possible that the Be window 

of the detector acts as a getter of carbon contamination, which in time can build up suf- 

ficiently to cause significant absorption of the light-element x rays. 


Coneluston 


Analyses of Na, Mg, and Al in thin foils present special problems because their char- 
acteristic x rays are easily absorbed. It has been shown that absorption in (1) the Be 
window of the EDS detector, (2) carbon buildup on the Be window, and (3) surface carbon 
contamination layer can cause significant differences between the measured and the calcu- 
lated k values. The calculated values, on the other hand, could be erroneous if in Eq. (3) 
parameters such as exact Be window thickness, fluorescence yield, and ionization cross sec- 
tion for element X are not accurately known. It is therefore recommended that k values for 
Na, Mg, and Al should be calibrated for a specific instrument, and it may not be surprising 
if we find that the values differ for different instruments. 
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DETECTABILITY LIMIT AND SPATIAL RESOLUTION IN STEM X-RAY ANALYSIS: APPLICATION TO 
Fe-Ni ALLOWS 


A. D. Romig Jr. and J. I. Goldstein 


When performing x-ray analysis of thin films in the scanning transmission electron mi 
croscope (STEM) one must be aware of the limiting factors of spatial resolution and ana- 
lytical sensitivities or detectability limits. A series of experiments were undertaken 
to determine detectability limits and spatial resolution in a "typical" metallurgical thi: 
film of an FeNi alloy. This study was performed on a first-generation Philips 300 TEM/ST: 
(transmission electron microscope/scanning transmission electron microscope) equipped wit 
a rear entry NSI-EDS detector. The sensitivity limits are a function of several variable 
One group of variables is instrument dependent and includes the efficiency and coilection 
configuration of the x-ray detector, the spurious x-ray counts, the current in the primar 
electron beam, and the contamination characteristics of the microscope. The last variabl 
directly limits the total time one can collect x-rays from a given point. These variable 
have been optimized in our instrument. The second group of variables includes the elec- 
tron probe size, foil thickness, and number of repetitions of the analysis, all of which 
can be controlled by the experimenter. 


Spattal Resolutton 


The spatial resolution for x-ray analysis in a thin foil is a function of atomic num- 
ber, specimen thickness, and accelerating voltage. Goldstein et al.! have estimated the 
effective beam broadening b by assuming that scattering takes place at the center of the 
thin film, that the dominant process causing beam spreading is elastic scattering by atom 
ic nuclei, and that the electron beam is a point source. This development yields an equa 
tion for broadening: 


pe 626 a JoTK +3/2 (1) 


where b is in cm, Z is the atomic number, A is the atomic weight, Eg is in keV, p is in 
g/cm’, and t is the film thickness in cm. The broadening varies inversely as Ep and in- 
creases with film thickness. For example, in a pure Fe foil b equals approximately 190, 
350, and 540 A for foils 1000, 1500, and 2000 A thick, respectively. The broadening equa 
tion assumes the electron beam impinges the sample at a point. The beam is not a point 
probe; it has a finite diameter. Hence, the total x-ray spatial resolution is approxi- 
mately equal to the sum of the broadening b and the size of the electron beam d impinging 
on the sample. 

Monte Carlo calculations of beam broadening have been performed by Kyser and Geiss.? 
These calculations should be expected to provide the best estimates because they include 
such effects as the electron beam size, electron back scattering, multiple scattering, 
etc. In general, the relatively good agreement between the results of the simple scatter 
ing model and the Monte Carlo modei tend to validate Eq. (1). 

Few experimental measurements of x-ray resolution are available in the literature. 
One of the most successful methods used in electron probe microanalysis (EPMA) is to move 
the electron beam point by point across an interface between two phases, which shows a 
concentration discontinuity.? The finite volume from which x-rays are excited in a samp] 
causes the true concentration profile to appear "'smeared.'' One can determine the width 
of the x-ray excitation region by drawing a tangent to the measured concentration profile 


at the midpoint of the discontinuity and measuring the intercept on the distance axis at 
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the composition of each phase. 

In the STEM the fotl must be tilted so that the a/y interface is parallel to the in- 
cident electron beam. If one phase overlays another, it would be impossible to determine 
the interface compositions accurately. Figure 1 shows a typical a + y assemblage in a 


Fe-34.7 Ni alloy. This is the ideal structure for measuring concentration profiles with 
STEM techniques. 


FIG. 1.--TEM micrograph of a/y 
structure in Fe-34.7wt%Ni alloy: 
A--a(bcc), G--y(fec), scale bar 
= 1 ym (10 000 A). 


WEIGHT PERCENT Ni 
e 


FIG. 2.--Ni profile across an a/y 
interface in Fe-14.7wt%Ni alloy. 
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A concentration profile measured in 500A steps across a two phase interface of a and y 
in a 14.7 wt%Ni-Fe alloy heat treated at 500°C for 127 days is shown in Fig. 2. Contamina- 
tion prevented smaller steps from being used. The operating conditions are 100 kV with a 
200A-dia. electron beam. The foil is about 1500 A thick. The total width of the x-ray ex- 
citation measured from Fig. 2 is about 500 A. Several other investigators have reported 
Similar spatial resolutions in other ferrous alloy systems. Table 1 summarizes the exper- 


imental data currently available. The validity of Eq. (1) is demonstrated by these exper- 
imental data, 


Detectabtlity Ltmtts 


One determines the detectability limit (Cp;,) for a given element in a sample of inter- 
est by collecting the appropriate data from the sample thin foil. The analysis require- 
ment is to detect significant differences between the intensity of the element of inter- 
est and the continuum background generated in the sample. For the detection of Ni in an 


FeNi alloy? the peak intensity Iy; is significantly larger than the background Toy when 


Ke 


= b b 1/2 
TN a (2) 


This x-ray count criterion for detectability limit (Cp,) can be converted to wt% using 
the Cliff-Lorimer thin foil equation? 


ONG ~ KE eNi ae (3) 


TABLE 1.--Selected summary of calculated and measured x-ray resolution for ferrous ma- 
terials. 


Foil Ey | Beam Spatial | Total Broadening R 
Thickness Size Resolution calculated] measured 
Reference System (B) d(A) b(A) Eqn. (1) (d+b) 


Lyman, et al.* Stainless 1500 350 360-400 ~ 300 
Steel 
Rao and Lifshin’| Stainless | 1000-1200 100-270 150-320 | ~ 500 
Steel i 
Williams and Fe-Ni 1500 350 550 | ~500 
Goldstein® 
Romig ’ Fe-Ni ~ 1500 350 550 ~ 500 
Pande et al.8 , Stainless ¢ 1000-1500 190-350 290-450 | ~ 500 
Steel | 
where kp . is the Cliff-Lorimer constant, which varies with operating voltage but is in- 
Ni : : eh 
dependent of foil thickness and composition. 
Substitution yields 
b b 1/2 
Whi 7 ua 3 TL a “DL oj 
I _ 1? ~y : > FeNi Cre 
Fe Fe Fe Fe 
or 
3 (21).)1/2 
0) a Bo fer rene (5) 
I - I 
Fe Fe 


where Cp, and kpenj are known quantities and Cpy is the, detectability limit of Ni in the 
FeNi alloy. The x-ray intensities Iy;, Ire, 18;, and Ipe are measured experimentally. 
Unfortunately, the peak and background intensities are functions of foil thickness. Thic 
er foils produce greater intensities and therefore smaller detectability limits. Further 
more, X-ray intensity is linearly proportional to thickness, so long as the thin-film cri 
terion is not violated. Once absorption effects become significant, the linear relation- 
ship is no longer valid. Figure 3 demonstrates the relationship between x-ray intensity 
and foil thickness for a pure Ni foil analyzed by a STEM operated at 100 kV with a 200A 
probe size and a counting time of 60 sec. Foil thickness was determined by tilting of th 
foil following the STEM analysis and measurement of the separation of the contamination 
spots on the top and bottom of the foil. Given the spot separation, amount of tilt, and 
magnification one can calculate the foil thickness from simple geometry. Figure 4 shows 
the calculated detectability limits from Eq. (5) for a Fe-5.13 wt%Ni alloy as a function 
of foil thickness. Typical ion thinned metallurgical thin foils of Fe about 1500 A thick 
yield a detectability limit of approximately 0.5 wt%Ni. Similar data were obtained from 
homogeneous Fe-14.5 wt% alloy and yielded the same detectability limit. In all cases, 
peak intensities were obtained by integrating the region of the peak defined by 1.2 full 
width at half maximum to optimize the peak intensity and peak-to-background ratio. Back- 
grounds were determined by averaging the integrated continuum intensities taken on both 
the high- and low-energy sides of the characteristic FeK, and Nik, peaks. 

High-brightness guns (LaBg or field emission) improve the detectability limits since 
they increase the x-ray intensity. A larger counting time increases the x-ray intensity 
but the counting time is limited in practice by contamination and/or specimen drift. Op- 
polzer and Knauer! analyzed a metallic glass (B, P, Cr, Fe, Ni) foil which was about 
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FIG. 3.--Intensity versus thickness relation- FIG. 4.--Detectability limit of Ni in Fe-Ni 
ship measured on a pure Ni foil. Operating as a function of foil thickness and inte- 
conditions: 100 kV, 200A probe diameter, 60sec grated Fe-intensity. Operating conditions: 
counting time, 36° specimen tilt. Thickness 100 kV, 200K probe diameter, 60sec counting 
determined by the measurement of the distance time, 36° specimen tilt. 

between contamination spots on the top and 

bottom of the foil after further tilting. 


500 A thick with a STEM equipped with a field-emission gun. The data were taken at 100 kV 
with a 50A-dia. electron probe. Use of their data in Eq. (5) gives detectability limits 
for all elements (except B) of approximately 0.15 wt%. 

Attempts have been made to predict detectability limits from first-principle equations. 
Joy and Maher!! have calculated the detectability limit of Fe in silicon to be approximately 
4 wt% using a STEM with a LaBg gun operated at 100 kV, with a 100A-dia. electron probe. 
This detectability limit can be reduced to approximately 2 wt% by use of a field-emission 
gun. For a STEM operated at 100 kV and equipped with a thermal emission gun, with a 200A 
diameter probe, this theoretical approach gives a detectability limit of 4.8 wt%Ni in an 
Fe-Ni alloy. It is not clear why experimentally measured detectability limits are so much 
smaller than calculated limits. 


Independent Determination of kponz 


To perform a STEM x-ray analysis using Eqn. (3), one needs to know precisely the value 
of k. The value of kpgy; can be calculated from first principles as shown by Goldstein 
et al.! or obtained from the kpeo;/knisi experimental values. 2 At 100 kV, the calcula- 
tion technique of Goldstein et Ane yields ken; = 0.92. The Cliff-Lorimer values yield 
kpeni = 1.27/1.47 = 0.86. The best method is to measure kpeyj on a homogeneous one-phase- 
alloy thin foil. Several alloys were used in this series of experiments. Nine separate 
kpeNi measurements were made on a Fe-14.5 wt%Ni alloy thin foil, 500-200 A thick, with a 
200A diameter probe and a counting time of 60 sec. The measured kpey; was 0.88 + 0.04 at 
the 95% confidence level. Seventeen measurements were made similarly in an Fe-5.13 wt%Ni 
alloy. At the 95% confidence level kpgyj; = 0.85 + 0.08. The calculated kpenj and original 
Cliff-Lorimer kpgy; agree, within experimental error, with the value determined directly in 
this study. When this value of kpeyj is used in later data reduction, any error in the mea- 
surement of the Ni content of the homogeneous alloy must be added to the measured uncertain- 


ty. 


Summary 


For a Philips 300 TEM/STEM operating at 100 kV (with a 200A probe diameter and a 
thermal emission gun): 


1. the spatial resolution, as determined by measuring concentration profiles across 
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_oa/y interfaces in Fe-Ni alloys, is 500 A in thin foils which are approximately 1500 A 
thick; 
2. the detectability limit of Ni in an Fe-Ni matrix is about 0.5 wt%Ni in a thin 
foil sample 1500-2000A thick; and 
3. k . = 0.88 + 0.04 at 95% confidence level. 
FeNi 
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A COMPARISON OF PROCEDURES FOR QUANTITATIVE X-RAY ANALYSIS IN THIN FILMS 
R. L. Sabatini and C. S. Pande 


X-ray microanalysis of thin films is finding increasing use in the analysis and char- 
acterization of materials. In many cases, it supplements the wealth of information al- 
ready obtained on the same film by such techniques as conventional electron microscopy 
(TEM), scanning transmission electron microscopy (STEM), and electron diffraction. In 
recent years, the quantitative aspect of the x-ray microanalysis (in which thin-film 
technique is used not only to identify the elements in a given region of the foil, but 
also to obtain a quantitative measurement of the various elements present in that region) 
has acquired great significance, with applications to such important fields as corrosion 
and phase transformations. It is therefore of some interest to ascertain the accuracy 
of the procedures by which the quantitative values are obtained from the x-ray spectra. 
Furthermore, the basic assumptions inherent in this procedure need carefulevaluation. 

Several techniques have been developed for quantitative thin film analysis. An early 
review of these techniques was given by Hall.? More recently these procedures have been 
summarized by Goldstein and Williams.* For metal films, the three main techniques are 
(1) analysis using bulk standards, (2) analysis using thin film standards and (3) analysis 
without standards. We have used all three techniques for the analysis of the same spectra 
from 304 stainless steel. The advantage of using this material is that the composition 
for certain regions in the thin films was known independently, so that these techniques 
could be checked against each other and also with the regions of known composition. It 
was surprising to find that in some cases significantly different results were obtained, 
which indicates the need for great caution in the derivation of quantitative values from 
the x-ray spectra. 

Another point of interest in such an analysis is the validity of the basic assumptions 
often used, namely that below a certain specimen thickness, the characteristic x-ray in- 
tensities of the elements present are directly proportional to their local elemental 
masses,” because the matrix corrections (due to fluorescence, absorption, and atomic- 
number differences) are expected to be negligible. Although there is some experimental 
evidence to support this assumption, °~ 8 the assumption may not be universally true for 
all materials. It is thus important to ascertain that the composition of the thin film 
is independent of the film thickness, at least for the range of specimen thicknesses used 
in the analyses. This assumption is also experimentally checked in this paper. 

The experimental setup for obtaining the x-ray spectra from the stainless-steel films 
was essentially similar to that described by Pande et al.! The samples were thinned by a 
standard of ion milling technique. 

The experiments were performed on a JEOL-100C electron microscope with scanning and 
energy-dispersive attachments. When the scanning electron beam was made stationary it 
acted as an electron probe and x rays generated were detected by an NSI Si(Li) detector 
mounted on the electron microscope column. In order to improve spatial resolution and 
yet obtain sufficient counts it was necessary to optimize various parameters, such as the 
accelerating voltage of the electrons (120 kV), the detector area (30 mm?), the beam size 
(about 5 nm), a constant counting time (30 sec), and a tilt of 45°. The spectra collected 
were stored on cassettes for later analysis 

Electron microprobe analysis gave the bulk composition of the sample as 70.3 wt%Fe, 
19.0 wt%Cr, 8.6 wt%Ni, 1.6 wt%Mn, 0.06 wt%Si. Independent chemical analysis showed that 
it also contained 0.07 wt%C. 

Three types of stainless steel specimens were analyzed: 

a. Homogenized specimens (1100°C for 3 hr) in which there is not a significant varia- 
tion of composition throughout the specimens. 

b. Sensitized specimens (1100°C for 3 hr and then at 650°C for 24 hr) consisting of 
Cr-rich carbide precipitates at the grain boundary and a resulting chromium depletion 
adjacent to the grain boundary. 


The authors are with Brookhaven National Laboratory, Upton, N. Y. The work was per- 
formed under the auspices of the U.S. Department of Energy. 
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c. Overaged specimens (1100°C for 3 hr and then at 650°C for 7 days} in which there 
is a lower chromium depletion adjacent to the grain boundary. 


S 


FIG. 1.--Typical electron micrograph of a stainless-steel specimen (sensitized) showing 
precipitates on grain boundary and path of microanalysis. 


wo 2 
FIG. 2.~-TEM micrograph of sample that has been rotated back to 0° and then photographed 
for thickness measurement. 
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We obtained the thickness of the foil at the point of analysis by turning the foil 
45° (back to 0° tilt) and taking a picture of the contamination spots (Fig. 2}. If the 
film is thin enough (< 5000 A) contamination spots are visible at both the top and bottom 
of the foil, and hence the thickness of the foil at that point could be easily obtained. 
The thickness was also checked by tilting the foil to a 'two-beam' condition such that 
only one diffraction beam is strongly excited, and observing the thickness fringes. The 
thicknesses of the foil by the two methods were in good agreement. 


3.80 

3.60 
: 1 th yy 
3 ! 
3 3.40 

3.20 

3.00 ° 

0 1000 2000 3000 4000(A) 


FIG. 3.--Plot of Fe/Cr ratio vs sample thickness. 


A series of traces were taken on the homogenized samples, from the edge into thicker 
areas. The Fe/Cr ratio was then calculated and plotted versus thickness (Fig. 3). The 
Fe/Cr ratio remains constant over a wide range of thickness of the foil within experimen- 
tal error of the x-ray counts. A slight increase in the Fe/Cr ratio at lower thicknesses 
(< 1000 A) was observed; however, the counts from the thin areas were relatively small, 
which led to a larger error in Fe/Cr measurement. Therefore, for ion-milled stainless- 
steel specimens used in our experiments, the Fe/Cr ratio can approximately be taken to be 
independent of the thickness in the range 1000-2000 RK. The specimens analyzed all had a 
thickness in this range. 

The data collected for each sample were analyzed by four different techniques: 


1. By the method described by Pande et al.,! which is a modified version of the Cliff- 
Lorimer scheme. According to this scheme, 


I 41¢ 


es (Ky * Aad Cs S008 “GS AB 
I AB C a: 
B B 1 
where I, = measured intensity of A, Ip = measured intensity of B, Cy = concentration of A, 


Cp = concentration of B, and K,p > constant that varies with accelerating voltage but is 
independent of thickness and composition if the thin-film criterion is satisfied. 

A reference spectrum is taken at about 1 um from the grain boundary. Then the inten- 
sity for each element in the unknown spectrum is compared to the intensity in the reference 
spectrum. This ratio is then multiplied by the concentration for that element in this ma- 
terial and afterwards normalized. The data are normalized because the total number of 
counts for each element is expected to be proportional to the thickness of the specimen. 

2. By a Super ML Fit, with the most distant area taken as a standard; then the re- 
sults are normalized. The Super ML program employs a multiple least-squares analysis 
technique to obtain accurate measures of peak intensity in the presence of continuum and 
peak overlaps. A reference spectrum is obtained at about 1 yp from the grain boundary. 
Then each unknown spectrum is fitted against this reference. After the Super ML Fit is 
completed, the K ratios are normalized and then multiplied by the concentration for that 
element in the standard. 


3. By a bulk standard of known Fe, Ni, Cr concentrations; then the ZAF program is 
run backwards to obtain the correction factors for the three elements. The unknown spec- 
tra were then fitted to the corrected bulk standard spectrum and then normalized. 

4. By a Metallurgical Thin Film (MIF) program provided by Tracor Northern. The MIF 
program converts peak-to-peak intensity ratios for elements of interest into concentration 
ratios for these elements by using the K-factor technique first proposed by Cliff and 
Lorimer.” No absorption correction was made in this technique. 


Tables 1 and 2 present the results of these four techniques for comparison. Full de- 
tails of the composition profile across grain boundaries in both kinds of specimens (i.e., 
sensitized and overaged) are given in Pande et al.l 


TABLE 1.--Typical results of microanalysis in sensitized sample by the four different 
techniques; trace goes across large Cr-rich carbide at grain boundary. 


Distance from 


Grain Boundary Pande 
(A) Composition et al. XML Fit Bulk MTF 
ben ane CE 4/1 0473 2379 0526 
Rounder Fe 462 2462 2536 441 
” Ni 042 040 060 008 
Cr “313 e375 288 ga3L 
-—500 Fe 2244 2538 2597 Pre kop 8 
Ni 2058 2062 eO9L -012 
cr 189 - 186 Pes 0224 
~1000 Fe » 706 2/10 ~/36 «134 
Ni 080 -079 ~107 2017 
Cr 0195 2196 ~140 236 
-2000 Fe 2695 696 2123 e7 Zi. 
Ni 084 »083 me he 4 e018 
Cr 0186 183 0293 438 
+2000 Fe 2/02 o/04 od94 0325 
Ni 2087 2088 ~088 2012 
Cr 0187 2193 0138 0232 
+3000 Fe 699 «700 ster 4g2o 
Ni 089 2082 Pp) lie O18 
Cr 188 2185 ekoe 2223 
+4000 Fe ~/704 708 o/33 0/34 
Ni 083 082 -110 018 
Gr ~ 190 e190 0136 0230 
+7000 Fe Per AO ME 2699 e722 «726 
Ni 084 086 Pe i O19 
Cr e191 ~L92 2136 21 
+8000 Fe ~/01 e/00 2/26 0/26 
Ni 2087 -083 Ps i 2018 
Cr 0187 186 0134 0226 
+10 000 Fe 0/03 «703 yar e/31 
Ni o 086 -086 2114 -018 
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TABLE 2.--Typical results of microanalysis in overaged sample by the four different 
techniques; trace is between the precipitates. 


Distance from 


Grain Boundary Pande 
(A) Composition et al. XML Fit Bulk MTF 
ec Gudin Cr e193 » 189 ~ 140 eee 
Raundar Fe -/00 at a ~/08 0/41 
- Ni 083 073 127 021 
Cr 2 166 e164 2119 2188 
—500 Fe »/16 2/16 2693 0/58 
Ni ~093 2097 2163 4029 
cr ~180 0178 e130 204 
-1000 Fe »/09 e708 ~694 2/44 
Ni «086 089 Pe a 2-026 
Cr o 189 ol 94 0143 e222 
~ 3000 Fe ~700 2099 O91 0/23 
Ni 2 086 2082 e141 2024 
Cr o 187 ~186 olds Pi Di 
-6000 Fe 4700 2698 2685 5739 
Ni 088 O91 «L533 2027 
Cr e187 Paik oi, e139 e216 
-10 000 Fe »/03 0/03 ~690 2/33 
Ni 2086 e086 ee ¢025 
Gr 2214 0214 2158 0242 
+1000 Fe 2078 2677 2672 2/08 
Ni e 083 9 084 »145 .) 024 
Cr 0186 2183 my Ie »210 
+2000 Fe 0/03 e/13 e/06 2742 
Ni o 086 ~080 A32 0023 
Cr 186 0185 oi34 g2k2 
+7000 Fe o700 2/04 2684 2/36 
Ni - 089 086 mie 8 4,027 
Cr o 185 0183 0136 o208 
+10 000 Fe of02 2/07 «698 gtaZ 
Ni 088 ©0085 eae .025 


For the sensitized sample we obtained nearly identical results by the modified Cliff- 
Lorimer technique and the Super ML Fit. The bulk standard technique gave us consistently 
lower Cr concentrations, higher Fe concentrations, and higher Ni concentrations, probably 
owing to the uncertainty in the ZAF corrections at 120 kV. The MIF program gave us con- 
sistently higher Cr concentrations and very low Ni concentrations, probably owing to the 
Cr fluorescing. 

For the overaged sample, the Cliff-Lorimer technique and Super ML Fit give comparable 
resuits. The buik standard technique also once again gives low Cr and high Ni concentra- 
tions. The MIF program still gives high Cr and very low Ni concentrations. 

In summary, we have tried to show that: 
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1. For the case of microanalysis of 304 stainless steel, the Cliff-Lorimer technique 
and the Super ML Fitting technique seem to give equally reliable results. Part of the 
reason for this good agreement is that the specimen provides a small region where the con- 
centrations of the elements of interest are well known. In our case, the reference point 
was taken at a distance approximately 1 u from the grain boundary, where one could assume 
the concentrations of these elements to be the same as in the bulk. 

2, The bulk standards present a problem: if a standard is not a pure element, the 
correction factors from ZAF at 120 kV could be very large. The absorption effect for pure 
elements has to be either measured or calculated for the operating conditions. It is also 
difficult to duplicate the exact operating conditions over a long period of time, so that 
the bulk standards would have to be run either before or after each run. One solution is 
to use bulk standards at an accelerating voltage much lower than that used in the thin-film 
analysis. 

3. The MTF program did not yield as reliable results as the first two. The most 
likely explanation is that the Cr in the sample is fluorescing; since the MTF program 
assumes no fluorescence we should not expect very reliable results in this case. 

4. Thicknesses of more than 1000 A do not seem to affect the relative x-ray intensi- 
ties. However, in the thicker films matrix corrections may be significant. Hence the 
most suitable specimen thickness range for ion-milled stainless-steel specimens appears 
to be 1000-2000 A. 
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SULFUR AND PHOSPHORUS SEGREGATION IN DUPLEX STAINLESS STEEL WELD METAL 
Cc. E. Lyman 


Detection of sulfur and phosphorus segregation in steels is difficult because of the low 
levels of these elements usually present. However, if S and P partition or segregate to 
small regions in the metal, the local concentration of these elements increases. An ana- 
lytical technique of sufficiently high sensitivity and high spatial resolution can detect 
such segregation. The present investigation employed a field-emission scanning transmis- 
sion electron microscope (STEM) and energy-dispersive x-ray spectroscopy. 

Austenitic stainless steels are susceptible to hot cracking when cooling from the melt 
in welding operations. Early experience with these steels showed that retention of 5-10 
vol% of the high-temperature delta ferrite phase after welding, in a previously fully aus- 
tenitic structure, eliminated the hot cracking problem.! The cause of hot cracking has 
been shown to be sulfur and phosphorus segregation at austenite interdendritic regions and 
grain boundaries.? Sulfur in excess of 0.0lwt% in these locations combines with iron to 
form a mixture of austenite and liquid which does not solidify until 989°C, about 400°C 
below the usual solidus temperature predicted by the FeCrNi ternary phase diagram. 3 The 
beneficial effect of retained delta ferrite has been attributed to its effect on the manga- 
nese distribution in the alloy and to more uniform distribution of sulfur and phosphorus 
by structural refinement.* However, the Fe-S and Fe-P binary phase diagrams indicate that 
S and P are from 2 to 15 times more soluble in bee delta ferrite than in fcc austenite, de- 
pending on the temperature. The purpose of this investigation was to determine whether 
increased solubility of S and P in retained delta ferrite could also contribute to the 
elimination of hot cracking. 

The major microanalysis problem in duplex austenite plus delta ferrite microstructures 
is the shape and size of the delta ferrite regions, usually long and thin and less than 1 
um wide. The field-emission gun of the STEM provided the necessary beam current in a small 
electron probe to analyze areas within a delta ferrite region less than 1 um wide. 

To improve chances of detecting segregation of sulfur to delta ferrite, the weld metal 
analyzed was enriched in sulfur by the use of special high-sulfur welding rods supplied by 
Chemetron Corp. The compositions of the base metal (Type 304) and welding rod are shown in 
Table 1. Specimens were thinned by conventional dual-jet electropolishing with 10% per- 
chloric acid in methanol. Specimens were then ion-beam cleaned for 5 min by means of 6kV 


TABLE 1.--Compositions of base metal and welding rod in weight per cent. 


0.055 | 18.28 


0.093 {| 23.15 | 12.35 


The author is in the Materials Engineering Department of Rensselaer Polytechnic Insti- 
tute in Troy, New York. The author thanks Prof. J. B. Vander Sande and Dr. E. L. Hall of 
the Massachusetts Institute of Technology for use of the Vacuum Generators HB5 STEM. The 
author gratefully acknowledges financial support from the U.S. Department of Energy under 
Contract EY-76-5-02-2462*000. 
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argon ions. Analyses were obtained in 500 sec at 200 000x magnification with a Vacuum 
Generators HB5 STEM at 100 kV. The probe size was about 1-5 nm and the probe current was 
in the range 1079-1078 A. 

Results are shown in Figs. 1 and 2. Figure 1 shows the four areas of the specimen 
analyzed: the austenite (y) matrix, the y/é boundary, the deita (4) ferrite region, and 
the y/y grain boundary. Diameters of the marking circles indicate the size of the con- 
tamination spots built up during the 500sec counting time. The thickness of the foil was 
about 115 nm from contamination spot measurements. Figure 2 shows x-ray spectra from thre« 
of the analyzed areas. The large peak running offscale at 5.41 keV is the Crk, line. The 
x-ray analysis system generated Si escape peaks for Cr and Fe and subtracted them from 
the spectra. The remaining background appears to be separable into two components. The 
background due to the "hole count" is shown in Fig. 3. Experiments similar to those of 
Goldstein and Williams* indicate that this hole count is caused largely by uncollimated 
electrons. The second component of background is generated in the specimen and exhibits 
the usual hump of continuum x rays from thick or bulk specimens. 


FIG. 1.--STEM micrograph of analysis areas in stainless steel weld metal: A = austenite(y) 
matrix, B = y/é boundary, C = delta(é) ferrite, and D = y/y grain boundary. 


The spectrum from delta ferrite (Fig. 2c) shows the presence of phosphorus; this ele- 
ment was not detected above background in the austenite (Fig. 2a). The peak labeled SK 
(2.31 keV) in Fig. 2c is likely to arise from MoL, (2.29 keV) since the base metal con- 
tained nearly 0.2wt% Mo. Thus, for the present case an unambiguous measurement of sulfur 
is not possible. To a spatial resolution of about 50-100 nm, limited by drift and probe 
location uncertainty, the y/y boundary itself (Fig. 2b) does not appear to be enriched in 
P or S (or Mo) over the interior of the delta ferrite region. Other elements shown in the 
spectra are from electropolishing (C1) and ion-beam cleaning (Ar). 

A computer-generated background was manually adjusted to the shape of the spectrum in 
the region analyzed, normalized to selected channels at each analysis point, and subtracte 
from the spectrum. Changes in specimen thickness and emission from the field-emission gur 
require the peaks above background to be given as ratios, Windows set on each peak were 
Slightly larger than full width at half maximum for each element: 150 eV for Sik, 160 eV 
for PK, 130 eV for SK (MoLg), and 170 eV for FeKg. Contributions to the FeK, peak from tt 
MnK, were ignored since most of the Ma is tied up in inclusions. Table 2 shows backgrounc 
subtracted peak ratios for Si, P, and (S + Mo) at each location marked in Fig. 1. Relativ 
increases in P and (S + Mo) between austenite and delta ferrite depend critically on the 
background level subtracted. For the analysis shown in Table 2, the background was matche 
manually and may be in error. However, a large increase in P is clearly indicated, wherez 


136 


(a) 


(b) 


(c) 


FIG. 2.--Energy dispersive x-ray spectra from three analysis areas: (a) austenite (y) 
matrix, (b) y/é phase boundary, and (c) delta (6) ferrite. Counting time = 500 sec. 
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TABLE 2.--Ratios of Si, P, and (S + Mo) peaks to the FeK, peak for analysis areas shown in 
Fig. 1. Counting time = 500 sec. 


Analysis point Integrated 
A. y-austenite 3.47x10 > | 0.38x107> 0.25x10°> 407950 comts 
| 3 ay. t ~3 : 
B. &8/y boundary | 4.35x10 2.76x10 1. 20x10 395080 
. | a5. | <3.) = 
C. ferrite 5.98x10 > | 6.05x10> | 1.53x10 | 362550 


? : 0.81x10> =| 226740 


1.20x10- 


D. y/y boundary 3.28x10 


FIG. 3.--Background from "hole count" measured while directing beam through hole in speci- 
men. Counting time = 500 sec. 


the Si counts increased by a factor of less than two. One may conservatively estimate the 
sensitivity of the analysis by assuming that ail the phosphorus in the alloy is partitione: 
to the delta ferrite and no P is tied up in inclusions. For this case, then, assuming 
7vol% delta ferrite and a nominal 0.03wt% P for the alloy, 0.43wt% P was measured within 
the delta ferrite. The sensitivity for phosphorus must be several times better than that. 

In summary, this paper shows that phosphorus, and possibly sulfur, partitions to the 
delta ferrite phase in duplex stainless steel welds. This partitioning probably contrib- 
utes to the elimination of hot cracking in welded austenitic stainless steels containing 
retained delta ferrite. 
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THE USE OF TEM AND SEM FOR THE DETECTION OF INDIVIDUAL SUBMICROMETER-SIZE SULFATE AND 
NITRATE PARTICLES 


Y. Mamane and R. Pueschel 


A quantitative method for the analysis of individual submicrometer size sulfate and 
nitrate particles has been developed in which a scanning electron microscope (SEM) equipped 
with an x-ray analyzer and a transmission electron microscope (TEM) are used. The method 
is based on the reaction of the sulfate and nitrate ions with barium chloride and nitron, 
respectively, and can be applied to soluble particles. The method is specific reproducible 
and quantitative for sulfates and nitrates. The result of the reaction is a characteristic 
halo easily recognized under the TEM. Later the sample with the reaction spots is trans- 
ferred to the SEM. The reaction spots are relocated and an x-ray spectrum of the reaction 
spot is obtained, which gives the elemental content of the sulfate or nitrate particles. 

The method has been applied to atmospheric samples collected in the plume of a coal- 
fired power plant. The analysis provided (besides the size of the particles) information 
about the nature of the sulfate and nitrate particles. Especially, it was possible to ob- 
serve, for the first time, the existence of submicron fly ash particles (containing mainly 
Si, Al, Fe, and Ca) coated with a very thin layer (about 0.01 um deep) of sulfate, which 
could be the result of the heterogeneous nucleation of sulfur dioxide on foreign particles. 
In this aspect, it is one of the few (if not the only) technique to provide such informa- 
tion. As with any other method that employs the microscopes for counting and sizing, our 
method requires time and patience to perform the analysis. 

Typical photomicrographs obtained in the TEM and the SEM with the x-ray spectrum of 
common particles found in the plume of a coal-fired power plant are shown in Fig. 1, which 
suggests that most of the particles in this size range are sulfates and some are mixed 
particles, i.e., fly ash particles coated with a thin layer of sulfate. 


Author Mamane is in Environmental Engineering at the Technion in Haifa, Israel; 
Pueschel is at the National Oceanic and Atmospheric Administration's Atmospheric 
Physics and Chemistry Laboratory in Boulder, Colo, 
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FIG. 1.-- Top right: BaClz-treated sample shows that almost all particles are sulfates 
(Particles B and C); however, few are fly ash particles:one is not coated (A), other is 
coated with thin layer of sulfate (D). Top left: SEM photomicrograph of same field of 
view. Below: X-ray spectra of individual particles A, B, C, and D. 


140 


Dale E. Newbury, Ed., Microbeam Analysis — 1979 
Copyright © 1979 by San Francisco Press, Inc., 5477 Howard St., San Francisco, CA 94105 


CALCULATIONS OF INSTRUMENT RESPONSE TO PLASMON EXCITATIONS IN EELS 
R. C. Farrow, D. C. Joy and D. M. Maher 


We have developed a theoretical model for the plasmon excitation spectrum and the re- 
sponse of an electron energy-loss spectrometer. These theoretical functions have been 
convoluted under various conditions in order to simulate a range of actual experimental 
conditions. The results predict the quantitative affects of instrument response on the 
piasmon spectrum. We relate these results to the error associated with sample thickness 
determinations by using the ratios of the areas under the plasmon spectrum. It is con- 
cluded that this method for calculating the sample thickness can introduce large errors 
(> 30%) when the sample is very thin (< 100 A) and the resolution of the spectrometer and 
the separation of the plasmon peaks are not at optimum values. 

In recent years the study of electron energy loss with the aid of the transmission 
electron microscope has led to important developments in elemental microanalysis. For the 
most part elemental identification does not require very high resolution from the energy 
loss spectrometer (a value of 5-10 eV is adequate).! As we progress to using EEL for 
quantitative materials analysis, we must be able to characterize the quantitative effects 
of instrumental factors, such as spectrometer resolution, on the results. When spectral 
data are used for quantitative materials analysis, an accurate measurement of the sample 
thickness is needed for certain calculations.* The simplest method for its determination 
involves an analysis of the energy loss spectrum in the plasmon excitation region.. In this 
paper we discuss calculations that demonstrate how the instrument response modifies the an- 
swers obtained from such measurements. This study was performed as a prelude to an attempt 
to understand the quantitative effects of instrument response and plasmon excitations on 
the inner-shell excitations. That study is in progress and will be reported in a separate 
publication. ° 

In Fig. 1 we show a typical EEL plasmon spectrum for silicon with 100keV incident elec- 


FIG, 1.--Experimental plasmon spectrum from Si with 100keV, incident electrons, Ep, = 17 eV, 


spectrometer resolution = 5 eV, Ay = 1430 A, and x = 1610 A. 


The authors are with Bell Laboratories, Murray Hill, NJ 07974. 
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E+a/2 


f(E) = ae F(E - E')G(E')dkt (6) 


where the interval A is large enough to include all non-vanishing contributions. The in- 
tegral in Eq. (6) was approximated by a sum; a typical resuit is shown in Fig. 2. 


Results 


By comparing the convoluted spectrum to the ideal spectrum (Fig. 2} we are able to in- 
fer certain general effects of the instrument response: (1) the width of the convoluted 
ee yy RS zi 
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FIG. 2.--Theoretical plasmon spectrum with an ideal ratio of A,/Ag = 0.3 and AE = 15 eV. 
The ideal spectrum (the narrow peaks) is whown along with the convoluted spectrum. The 
instrument response function has a resolution of 10 eV. 


zero-loss peak is equal to the resolution of the spectrometer; (2) there is no apparent 
shift in the position of the plasmon peaks in the spectrum; and (3) there is a slight 
shift upwards in the minimum energy E, between the peaks. 

At first glance it might seem that the peak height ratio would be a good measure of 
the sample thickness. This method in practice is the least reliable since the peaks may 
be asymmetrical and may not be smooth enough to define the position of the peak suffi- 
ciently well. 

In Fig. 3 we show the ratio of the areas of the first plasmon and zero-loss peaks from 
a convoluted spectrum using our theoretical model with an ideal ratio of 0.1. We compare 
the values of A,/Ag at various peak separations AE as a function of spectrometer resolu- 
tion. These area calculations were performed by a computer by summing over leV energy in- 
crements in order to simulate the actual integrations as they are performed on a multi- 
channel analyzer. In these calculations the integration limits must be consistent with 
the theoretical model of the ideal plasmon spectrum, The integration limits of E for Ag 
and A; are Eg - AE/2 < E < Eg + AE/2 and Ey - AE/2 < E < BE, + AE/2, respectively. 

The deviation of A,/Ap from the ideal ratio increases (Fig. 3) as AE gets smaller. 

This error is seen to be large ( > 15%) at a modest resolution of 10eV for peaks separated 
by 18 eV. This deviation is affected in a systematic way by changes in the integration 
limits. If the limits are reduced equally in Ag and A, while they remain symmetric about 
the energies of the peaks Eq and E;, the deviation in the plasmon ratio is reduced signifi. 
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trons. This measurement was made with a JEOL JEM 100B microscope that had been fitted 
with a scanning attachment and a magnetic prism spectrometer, The largest peak corres- 
ponds to zero loss, that is, electrons that have been unscattered or elastically scattered 
in passing through the sample. From left to right the second, third, and fourth peaks cor- 
respond to the first, second, and third plasmon excitations. At higher energies (not 

shown in Fig, 1) are contributions from inner-shell excitations. We shall concentrate on 
the plasmon part of the spectrum in our discussion. 


Theory 


Plasmon excitations occur at energies Epj, ~ 15-30 eV; Ep; depends on the density N of 
free electrons, such that Ep; « Nl/2. The energy loss E,, in each plasmon excitation is 
pes : PL 

fixed for any material and the nth plasmon has an associated energy loss nEp;. The proba- 
bility P(n) of exciting n plasmons is given by Poisson statistics as 


P(n) = ar (X) e0( x) CT) 


where x is the sample thickness and Ap is the mean free path for excitation.* From this 
expression the probabilities for exciting no plasmon and one plasmon are, respectively, 


P(O) 


exp(*x/A,,) (2a) 


and 
P(1) 


i) ss a ae (2b) 


The area Ag beneath the zero-loss peak in the spectrum represents the number of electrons 
that passed through the sample and did not excite a plasmon. If A;o¢ is the total area 
beneath the spectrum, then 


Ag = AL ot? 7 Ay ge ®XP (-x/4,). (3) 


Likewise, A,, the area beneath the first plasmon peak is just 


Xx 


AL = ALP) = Abt i exp (- x/h) (4) 
Dividing Eq. (4) by Eq. (3) we get 
AT. X_ _ PQ) 
Ay XS PO (5) 


p 


Therefore, by measuring the ratio A,/Ag, and knowing the mean free path A, we can calcu- 
late the thickness of the sample x. The accuray of evaluating A,/Ap depends on the energy 
separation AE of the plasmon peaks and the resolution of the spectrometer, as we shall 
show. 

A reasonable model of an ideal plasmon spectrum is a series of narrow peaks with rela- 
tive heights governed by Eq. (1). For our purposes it is assumed that the peaks are sym- 
metrical and have the same full widths as the zero-loss peak. This approximation is ap- 
propriate for small x where the actual shape of the plasmon peak is less important. The 
energy spread of the zero-loss electrons is governed by the stability of the accelerating 
voltage and the thermal fluctuations of the electron gun filament. We have assumed that 
the zero-loss peak is Gaussian with a full width of 1.5 eV. This narrow line width is 
broadened as the spectrum is convoluted with the instrument response. 

The instrument response function is assumed to be Gaussian, where the full width is 
the resolution of the spectrometer; so that the total plasmon spectrum f(E) is the ideal 
spectrum F(E), convoluted with the instrument response function G(E): 
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cantly. The minimum deviation was achieved 
when the range of the integral was 2(E; - Em) 
That is true at 10 eV and becomes less impor- 
tant at larger resolutions or very small AE. 
The absolute deviation of the plasmon 
ratio A,/Ap from the ideal ratio depends only 
slightly on the ideal ratio used in the cal- 
culation, This fact causes a significant dif 
ference in the relative error for different 
plasmon ratios. At AE = 15 eV the absolute 
deviation increased nonlinearly by 14% when 
the ideal ratio was decreased from 0.5 to 
0.05. The difference was less than 1% when 
the decrease was from a ratio of 0.1 to 0.05. 
The relative systematic error introduced by 
the spectrometer resolution to A;/Apj thus in- 
creases drastically for small ratios, which 
implies that for very thin samples the estimé 
tion of the thickness from A;/Ag can be most 
unreliable. As an example for A, = 1000 A, 
| a 100A film might give a plasmon ratio as 
10 15 20 much as 35% higher than 0.1 (the result pre- 
SPECTROMETER RESOLUTION (eV) dicted from the theory) if the peaks were 
spaced 15 eV apart and the resolution of the 
spectrometer was 10 eV. On the other hand, 
a 300A film would give a 10% error and a 
s00K film would only give a 6% error. 


PLASMON RATIO 


FIG. 3.--Calculated plasmon ratio (A;/Ag) as 
a function of spectrometer resolution for 


ee ee Mie a deat Der cutigs Another method for calculating x/Ap has 

Se ica been suggested by Joy, Egerton, and M r.4 
This method consists of calculating the logarithm of the ratio of the area under the entire 
spectrum to the zero-loss peak, 


5 ie (Ay op /A0) 7) 


which follows directly from Eq. (3). This method yielded results similar to those in Fig. 
3 when the limits for Ag were Eg - E/2 < E < Ep + AE/2. The deviations from the ideal 
value were more sensitive to the limits on Ay than the former method and there was no syst 
matic way to reduce the deviation. Except for that difference there is little reason to 
prefer either method over the other if the limits of integration are carefully chosen. 


Coneluston 


The present analysis demonstrates that the use of the plasmon peaks to determine samp] 
thickness can produce answers with a substantial error unless proper account is taken of 
the effects introduced by the instrumental response of the electron spectrometer. In some 
unfortunate combination of circumstances, e.g., closely spaced plasmon peaks as occur in 
Al (Epy, = 15 eV), and moderate spectrometer resolution, small changes in resolution of the 
kind that can result from drift in the system or poor focusing can have a significant ef- 
fect on the thickness calculated, 
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ELECTRON ENERGY LOSSES AND ASSOCIATED SECONDARY-ELECTRON EMISSION OF CARBON, OXYGEN, AND 
HYDROGEN ON METALS 


F, Pellerin, J. M. Fontaine, C, Le Gressus, and J. P. Duraud 


Elements of low atomic number can be studied by electron energy loss, secondary-—elec- 
tron emission, or Auger emission, Auger electron spectroscopy is correlated with the 
inner-shell ionization mechanism and atomic relaxation. Electron energy loss spectrometry 
is related either to collective phenomena such as plasmon excitations, or to the excitation 
of molecular electronic states. The secondary electron emission of contaminated layers re- 
sults from the de-excitation of these excited states. Using these results, we character- 
ized graphite, carbon segregated on aluminum, and organic layers by excitation of 7 (6 eV) 
and o (25 eV) orbitals. Molecular hydrogen, adsorbed on Pt, Ta, and Al, PFOgUces:. a 13eV 
electron energy loss which is attributed to the excitation of the transitions lygt > lyyt 
Inu, Adsorbed oxygen on clean aluminum produces an electron energy loss at 7 eV which has 
been reported as due to the 2p O level ionization. The cross section of o > o* orbital ex- 
citation is about 100 times higher than the inner K-level carbon ionization cross section. 
Molecular electronic level de-excitation produces a secondary-electron emission at an en- 
ergy equivalent to that of the electron energy loss value. 


Introduction 


After separate developments, SEM and AES were combined in an ultrahigh-vacuum appara- 
tus. This evolution was necessary to make analysis of light elements and thin films pos- 
Sible. However, the interactions between the electron beam and the observed samples limit 
the capabilities of AES to studying the trace elements, because on one hand, the Auger cross 
section is very low and on the other, radiation effects appear since the current density is 
higher than 107? A-cm™2.! 

On technological samples, the study of the electron energy losses and secondary-emis- 
sion spectra shows clearly several peaks at 6, 7, 13, and 20 eV. The purpose of this work 
is to identify one origin of these peaks and to apply it to the elementary microanalysis. 


Experimental 


We use a CMA electron spectrometer mounted on an ultrahigh vacuum apparatus with a 
tungsten hairpin electron gun, The signal detection is based on beam brightness modula- 
tion. The FWHM of the primary electron beam is 750 meV. 

The analyzer energy window width was measured between 12 eV and a few keV on a carbon 
layer. A postacceleration (about 300 V) was applied between the CMA outlet slit and the 
first dynode of the electron multiplier in order to avoid a ae of the Hee below 100 eV. 
Figure 1 presents a typical spectrum recorded with E, = 30 eV, = 10719 a, on a clean 
polycrystalline aluminum sample.* This spectrum, which must be ae as a test for a cor- 
rect use of the CMA spectrometer, is characterized as follows: 


1. A lack of secondary electrons between 0 and about 4 eV; this energy range measures 
the work function ¢ of aluminum, as no electron can be emitted with an initial energy be- 
low ¢. In this experiment, the energy zero of the electron spectrometer is adjusted at 


the Fermi level.? 
2. A symetrical elastic peak of FWHM about 1 eV, which represents mainly the energy 
spread of the incident beam. 


The authors are with the Division of Chemistry of the Physical Chemistry Section at 
the Centre d'Etudes Nucléaires de Saclay, B.P. 2, 91190 Gif-sur-Yvette, France. 
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3. An energy loss peak at AE = 4 eV, at- 
tributed! to the aluminum interband transi- 
tion. No loss peaks relative to surface and 
volume plasmon exists at this accelerating 
voltage. 


These three features correspond to a good 
spectrometer reliability. 


Results 


Our main results relate to electron energy) 
losses and secondary-electron emission of car- 
bon, oxygen, and hydrogen on metals. 


1. Carbon. When a clean polycrystalline 
aluminum sample becomes gradually contamined 
with C, the electron energy loss peak corres- 
ponding to the Al surface plasmon excitation 
(AE = 10 eV) decreases very quickly and dis- 
secondary appears for a low coverage? (6 < 0.01) while 
i cl electron energy losses appear at 6 and 20 eV, 
and secondary emission increases at 20 eV. 

For graphite and organic monolayer (Allyl 
cyanid}, we observed with both samples peaks 
of secondary emission at 6 and 20 eV, whereas 
the electron energy loss peaks are observed 
at 6 and 24 eV for graphite and 6 and 25 eV 
for the organic layer. 


FIG. 1.--En(E) energy distributions at Ey = 

30 eV. 2. Oxygen. The tabulation below summa- 
rizes the results obtained on a clean poly- 
crystalline sample exposed to oxygen. 


Al Al + 05 

E, (eV) SE ELS SE ELS 
50 11 4,10,15 Tit 4,7,15 
250 11 4,10,15 Fil 4,7,15 
30 11 4 771 4,7 


3. Hydrogen. Electron energy loss spectra recorded at increasing pressures of H» on 
various metals show the development of a peak at 13 eV (Fig. 2). 


Dtsecusston 


Electron energy losses on a clean metallic substrate have been reported previously by 
other authors, In contrast with their results, when a clean metal becomes contamined with 
C, 0, or H, the first noteworthy feature is the fast decrease of the electron energy loss 
intensity peak corresponding to the surface plasmon excitation. Furthermore, the energy 
value of the electron energy loss that develops during the contamination seems to depend 
essentially on the adsorbed element, without correlation with the electronic structure of 
the material. 

The electron energy loss observed with C has been attributed previously either to the 
transition between a high density of state zones in the band structure of graphitet’> or 
to excitation of m and co bonds.® As the electron energy loss values are roughly the same 
for carbon-contaminated metal, graphite, and organic layer, we prefer the molecular elec- 
tronic excitation model, 

The electron energy loss due to oxygen contamination has been attributed to excitation 
ef a resonance levél of cliemisorbed oxygen (2p 0 level).’ But that does not explain why 
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this loss is developed at the same value for 
every studied case, 

With regard to the hydrogen contamina- 
tion, studies have been conducted on silicon 
and rare earth hydrides.® No loss was ob- 
served at 13 eV. Then we assign the 13eV 
observed electron energy loss on Pt, Ta, and 
Al, to the exert ation of hydrogen molecular 
electronic levels ‘Egt + lout, fou. 

As this process is not fully reversible 
with pressure (we had to heat tantalum at 
300°C to return to the initial state), we con- 
sider that the contribution of gas molecules 
to the 13eV loss peak is negligible. On the 
other hand, the physically adsorbed hydrogen 
molecules or the molecules trapped in clusters 
of vacancies could produce this loss peak. 

In every case, the secondary-electron emis- 
sion developed was roughly at the same energy 
value as the characteristic electron energy 
loss, and could be the result either of ion 
neutralization near the surface, or of mole- 
cules de-excitation by an Auger-like mecha- 
nism. The intensity of the electron energy 
loss and that of the secondary-electron emis - 
sion have the same value,for C and 0.9 

For carbon, comparison between the elec- 
FIG. 2.--Electron energy loss spectrum (a) tron energy loss intensity and that of KLL 
on clean Pt; (b)-(d) under various partial carbon Auger transition shows that these pro- 
pressures of Ho. cesses have a cross section greater than the 
inner shell ionization cross sections. 


10°°Torr 


Coneluston 


Segregated and adsorbed elements can be characterized by electron energy losses at 6 
and 25 eV for carbon, 7 eV for oxygen, 13 eV for hydrogen. These electron energy losses 
for C and Hy are attributed to molecular electronic level excitations. This de-excitation 
results in secondary-electron emission. These emissions are used to make secondary elec- 
tron micromappings of the adsorbates on a surface. 
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Raman Microanalysis 


RAMAN MICROPROBE CHARACTERIZATION OF SOUTH POLE AEROSOL 
W. C. Cunningham, E. S. Etz, and W. H. Zoller 


There has been concern whether it would be possible for man to alter the earth's climat 
by injecting excessive amounts of particulate material into the atmosphere.! To determine 
the relative contributions of the major particle sources to the global aerosol covering, 
the University of Maryland and the University of Rhode Island are conducting a joint study 
on atmospheric aerosols collected at the South Pole. The remoteness and isolation from any 
major particle source make this an ideal location to study composition and concentrations 
of the global particulate burden typical of the upper troposphere or lower stratosphere. 

The South Pole is at an elevation of 2800 m and the tropopause is lower in altitude in 
the polar regions than at other latitudes.2 There are also catabatic wind flows at the 
South Pole that hinder the transport of lower tropospheric aerosol from the margin of the 
Antarctic continent to the interior and make possible strong stratospheric contribution to 
the aerosol in the South Pole air. 

A major thrust of stratospheric aerosol studies has been in the physical and morpho- 
logical characterization of the aerosol.3->5 Chemical spot tests have shown sulfate to be 
a principal component of the aerosol.® Results of scanning electron microscopy (SEM), 
energy-dispersive x ray, x-ray diffraction, and wet chemical studies have implicated the 
existence of H»S0,, (NHy)2SO,, and (NH,)oS,0,.77!° 

South Pole aerosol samples collected by the University of Maryland have been analyzed 
principally for their elemental composition by bulk methods!! (e.g., instrumental neutron 
activation analysis) and single particle methods !2 (principally SEM/x-ray analysis). The 
results obtained from bulk sample collections indicate high sulfur concentrations and SEM/ 
x-ray studies show sulfur to be present in virtually all particles,.!3>1% 

A major limitation of conventional single-particle analysis techniques has been their 
inability to furnish direct evidence of molecular composition. However, with the advent 
of Raman microprobes it has become possible to obtain vibrational Raman spectra from micro- 
scopic samples frequently of mass as low as 1 picogram.+5»!6 These spectra allow one to 
identify the major molecular components and often obtain additional information on the cry: 
talline state of the solid phase. 

The Raman microprobe developed at the National Bureau of Standards (NBS) has been show 
to be an effective tool for the identification of single particles in airborne dust sam- 
ples.!7 Its ability to identify specific sulfates as major consitutents of aerosol sample: 
has been demonstrated in the case of various types of aerosol collections. In the work re 
ported here we have employed the NBS Raman microprobe to obtain vibrational spectra from 
single microparticles and subnanogram amounts of submicrometer aerosol particles collected 
at the South Pole. Described are the sample requirements for micro-Raman analysis, the me 
surement procedures employed, and the interpretation of the spectra obtained. The results 
on the molecular identity of the aerosol have been correlated with x-ray results obtained 
in parallel investigations for a more complete chemical characterization of the aerosol. 
Modeling experiments consisting of the micro-Raman study of laboratory-generated sulfate 
aerosols have been performed to answer questions concerning particle transformations ob- 
served for the field-collected samples. 


Authors Cunningham and Zoller are with the Chemistry Department of the University of 
Maryland; Dr. Etz is at the Center for Analytical Chemistry of the National Bureau of Stan 
dards. The support of this research by the National Science Foundation is gratefully ac- 
knowledged. The work presented is from a dissertation to be submitted to the Graduate 
School, University of Maryland, by W. C. Cunningham, in partial fulfillment of the require 
ments for the Ph.D. degree in chemistry. 
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Experimental 


1. Sampling Stte. The samples investigated in this study were collected during two 
research expeditions to the South Pole. The first took place during the period from Noven- 
ber 1975 through January 1976; the second, from November 1977 through January 1978. 

During each period the samples were collected at a site located 3 miles northeast of 
the U.S. Scientific Research Station at the South Pole. By sampling at this location, par- 
ticulate contamination from activities at the research station were minimized as much as 
possible, since prevailing winds keep this site upwind essentially all the time. Air tem- 
peratures varied between -20 and -35°C during sampling. Thus, any liquid-phase aerosol 
observed in our laboratory can be assumed to have been in the solid phase during sampling. 


2. Aerosol Sampling, For characterization of the airborne particulate material, size- 
segregating impactors were employed as well as conventional high-volume air samplers. All 
samples intended for micro-Raman analysis were collected by a five-stage Battelle-type im- 
pactor. The collection stages were modified to hold micro-Raman sample supports (i.e., 
substrates). This modification permitted aerosol collection directly onto the substrates 
and eliminated the need for any kind of transfer of the collected material. For this study, 
two substrate materials were chosen on the basis of spectral and physical properties , Alj03 
(sapphire) and LiF. The flow rate during collection was approximately one liter per minute 
and sampling duration was varied between one and five days, so that a wide range of aerosol 
loading densities was obtained. 


3. Sample Storage and Handling. Immediately after collection, the samples were trans- 
ferred to storage containers inside a clean hood and sealed in polyethylene bags. During 
sample transfer the relative humidity was less than 5%. All samples were then stored out- 
doors (at ambient temperatures) to prevent possible aerosol transformations. The samples 
were then transported to the University of Maryland laboratories and stored in a dessicator 
at room temperature. They were unpackaged and exposed to ambient laboratory conditions 
just prior to measurement. 


4, Charactertzatiton by Microscopy. a. Light Microscopy. Each sample was initially 
characterized in a polarizing light microscope. As expected, particle loading increased 
and particle size decreased with each successive impaction stage; the vast majority of 
particles was of submicrometer size and deposited on the last two stages. The deposit was 
also such that some areas on each stage were more densely covered than others. The reac- 
tive nature of the aerosol was indicated by areas in which aerosol had reacted with the alu- 
minum particle-finder grids (thin films of Al, about 10-20 nm thick) that had been evapo- 
rated onto the substrate prior to sampling. The aerosol was also noted to be hygroscopic 
at high relative humidities (~65%). In the extreme case of moisture absorption the par- 
ticles transformed into microdroplets, which recrystallized at low relative humidities. 


b. SEM Characterization. Following Raman microprobe investigation, the samples were 
coated with carbon films for SEM/x-ray analysis. Regions where Raman measurements had been 
made were relocated in a Cambridge SEM equipped with an energy-dispersive x-ray detector. 
The SEM investigations were limited to regions in which Raman microprobe measurements had 
been performed; no extensive sample characterization was conducted. In the regions in- 
vestigated (principally on the fourth and fifth stages), three distinct morphologies were 
observed, namely aggregates; needlelike crystais; and flat, rounded particles. X-ray mea- 
surements were made on many particles of each morphology. The single most striking result 
of the x-ray analysis is that sulfur (Z > 11) is the only element detected and found to be 
associated with these particles. Figure 1 shows a typical region of a collection of aero- 
sol on a LiF substrate. This region contains both aggregates and needlelike crystals. An 
X-ray spectrum typical of those obtained from all three identifiable morphologies is shown 
in Fig. 2. This spectrum was taken from one of the aggregates seen in Fig. 1. Two peaks 
are observed. The right-hand peak at 2.32 keV arises from the Ka emission from the sulfur 
present. The other peak at 0.7 keV is attributed to the Ka emission from fluorine of the 
LiF substrate. 


5S. Laboratory Aerosol Studtes, Sulfate aerosol was generated under controlled condi- 
tions into a chamber, then sampled with a cascade impactor identical to the one used in the 
field sampling. Aerosol size was varied between 0.2 um and ~10 um in diameter. Aerosol 
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FIG. 1.--SEM micrograph of South Pole aerosol FIG. 2.--X-ray spectrum obtained with SEM of 
collected on fourth stage of cascade impac- aggregate of microcrystals in impactor samp1 
tor. Substrate is lithium fluoride. of South Pole aerosol (cf. Fig. 1). 


concentration was adjusted such that a suitable collection was obtained in less than 1 min 
of sampling time. Aerosols prepared from solutions of sulfuric acid, of ammonium sulfate, 
and mixtures of the two have been studied. Although these aerosol collections are not ide 
tical in all respects to the samples brought back from the South Pole, there is a strong 
resemblance (with respect to physical appearance and chemical identity) between them. The 
principal interest in these experiments was to learn more about substrate reactions with 
these kinds of aerosols. 


6. Raman Microprobe Analysts. Raman microprobe analysis furnishes spectra character- 
istic of the molecular and crystal vibrations of the sample. Spectra are obtained by anal 
sis of the inelastically scattered light from the sample subjected to a beam of focused la 
ser light. The microprobe is basically a Raman spectrometer consisting of an exciting la- 
ser, beam focusing and scattered light collection optics, a sample stage, a monochromator, 
and a procomu Teeter detector. Details on instrument configuration are given in the lite 
ture.4® The sample stage is enclosed by a sample chamber purged with dry nitrogen to pre- 
vent exposure of hygroscopic samples to ambient conditions of high relative humidity. 

The laser excitation wavelength that is most often used is 514.5 nm (green). However, 
when appreciable absorption or sample fluorescence is encountered at this wavelength the 
spectrum is excited with 647.Inm (red) radiation. Both excitation wavelengths were used 
for the analysis of South Pole aerosol. Irradiance levels from several kilowatts/cm* to 
fractions of a megawatt/cm* were employed by variation of the beam spot size between 20 ar 
2 um in diameter. The size of the laser spot in the focal region roughly determines the 
spatial resolution with which the microprobe measurement is made. Measurement times nec- 
essary to obtain analytical-quality spectra may vary from tens of minutes to several hours 
depending on the detected scattering intensity. 

The relative humidity within the sample chamber can be held to ~20% to protect hygro- 
scopic samples. However, the samples are exposed to ambient laboratory air during trans- 
fer to the spectrometer sample stage and during observation in the light microscope. A 
number of the South Pole samples have been inadvertently exposed to relative humidities 
high enough for moisture absorption to have taken place. In these cases, microscopic dro} 
lets were seen to have formed and coalesced with ones nearby to form larger microdroplets. 
Raman measurements have also been made on particles formed by the recrystallization of suc 
droplets when samples were returned to conditions of low relative humidity. 


Results and Discusston 


This paper presents results from a larger study with some work still in progress. Th« 
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FIG. 3.--Raman microprobe spectrum of impactor-collected South Pole aerosol, Stage 5. In- 
dicated are excitation wavelength, size (diam.) of laser spot, laser power (at sample), . 
scan rate, and sample support. Measurement time constant 1.3 s, spectral slit width 3 cm. 


Sample( NH ) SOS ize Sx Sym 3 
4’2 . 

Substrate Al, Os- Ol ) 

Laser 514.5 nm 
power 40 mw (at sample) 
beam~ |& um diameter 

Spectral slit width 3 cm! 

Time constant | 

PINHOLE = 

Scan rate l6 7 em /S 

Full scale 


; 29 X10 


500 1000 . , 500 | 
CM 


FIG. 4.--Reference spectrum of microparticle of ammonium sulfate. Measurement conditions 
are indicated. Pinhole in path of collected scattered light serves to minimize spectral 
interference from substrate. 6 
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discussion presented here highlights the results of these investigations and a more com- 
plete account of this research ts presented elsewhere,1® In some cases, the interpreta- 
tion of the results is tentative with work yet to be done. All spectra presented below 
are plots of scattered intensity versus Raman shift (em71}., . 

Figure 3 is a Raman spectrum obtained from a recrystallized particle located on the 
fifth stage (sapphire substrate) of an impactor-collected sample. Examination of the po- 
Sitions, intensities, and shapes of the observed Raman bands indicates that this particle 
principally consists of (NH, ) 2S0, . 19 The bands arising from S0,2- vibrations are seen cen- 
tered at frequencies 452, 614, 977, and 1080 cm=!. Relative to the band intensities ob- 
served for the S0,°- vibrations, we do not expect to detect the bands due to the internal 
vibrations of the NH,* ion because of their comparatively much weaker scattering intensity. 
These bands have shifts centered at 1429 and 1669 cm7!. The weak, broad features centered 
at 1350 cm~! and 1600 cm7! are indicative of carbonaceous material associated with the par- 
ticle.29-22 The origin of this material is unknown but the appearance of "carbon bands" 
from environmentally collected samples is not uncommon.?* The bands centered at 187 and 
73 cm7! arise from lattice vibrations and are characteristic of the crystal structure of 
the solid phase. The bands marked S arise from the sapphire substrate. SEM analysis shows 
this particle to be flat, with rounded edges containing sulfur as the only observable ele- 
ment. 

Figure 4 is a reference spectrum obtained with the Raman microprobe from a small 
(NH, )9S50, crystal. All the sulfate vibrations seen in Fig. 3 are also seen in this spec- 
trum. The two broad features above 1200 cm7! derive from internal modes of the NHi,~ ion 
and are not the carbon bands referred to above. The oil overcoat, as noted in the legend, 
was applied to this reference sample to protect it from moisture in the ambient air. 

A marked difference between samples collected on LiF substrates and those collected on 
sapphire is that the needlelike crystals mentioned above appear only on LiF, Figure 5 is 
a Raman spectrum obtained from a microscopic sample region on a LiF substrate in an area 
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FIG. 5.--Raman microprobe spectrum of South Pole aerosol collected on Stage 5. Measurement 
conditions are indicated. Scan time constant 10 s, spectral slit width 3 cm! 


containing some needlelike crystals but predominantly aggregates. In this measurement the 
beam spot covered a large aggregate as well as part of a needlelike crystal nearby. The 
spectrum shows the sample to contain predominantly (NHi,)2S0,.'9 The most prominent fea- 
tures expected from (NH,)2S0, are seen and the Raman shifts for the major bands are indi- 
cated. The shoulder at 626 cm™! does not appear in Fig, 4 but is present in other refer- 
ence spectra of the salt, We attribute this observation to particle orientation effects. 
Frequency assignments were made against neon calibration lines omitted from the spectrum 
but marked with bars labeled We. The band at 1008 cm™! is attributed to the symmetric 
stretch of SQO,2- in lithium sulfate (presumably LiySO,°H20) .23 As LiF contributes no spec 
tral interference, sample impurity and some degree of heating from absorption of the excit 
ing laser cause a moderate background. Other bands characterizing LizSO, are much weaker 
and not seen here. The broad bands above 1200 cm™! again indicate the presence of carbona 
ceous material. Interrogation of other aerosol regions showed lithium sulfate to be asso- 
ciated with (NH,) S50, to varying degrees. 
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Figure 6 is a Raman spectrum from a microsample on a LiF substrate in an area noted 
in the SEM to contain a relatively high abundance of needlelike crystals. The spectrum 
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FIG. 6.--Raman microprobe spectrum of South Pole aerosol collected on Stage 4. Measure- 
ment conditions are indicated. Scan time constant 12 s, spectral slit width 3 cm'!. 


has many of the characteristics of that of Li9S0,°H20; however, we are not excluding the 
possibility that it is a double sulfate.*+ Further work on the more definitive interpre- 
tation of this and other such spectra is in progress, The bands observed at around 471, 
636, 1008, and 1115 cm! are from this material. Again, carbonaceous bands are present at 
1350 and 1600 cm-! and the background is quite high. SEM investigation shows that the LiF 
substrate is pitted in the regions where needlelike crystals are found. This is inter- 
preted to be the result of interaction of the aerosol with the LiF. Sulfuric acid aerosol 
generated in the laboratory and collected on LiF substrates reacted instantaneously to pro- 
duce needlielike crystals similar in morphology to those seen in the South Pole samples. 
Raman microprobe measurements show these to be LioSO, microcrystals. Ammonium sulfate 
aerosol was also collected on LiF substrates and stored under ambient laboratory conditions 
for as long as 3 days with no discernible aerosol-substrate interaction. 


Cone luston 


We have shown that the new technique of Raman microprobe analysis can furnish unique 
results in the study of atmospheric aerosol of this type. The results presented here show 
direct evidence for the existence of sulfate species in the South Pole aerosol but further 
studies are needed to clarify many remaining questions concerning the tn sttu nature of 
the aerosol. Foremost are questions pertaining to sampling effects, the likely reactions 
of atmospheric sulfate aerosol with other aerosol components, and the collection substrate, 
as well as transformations that may have occurred during sample storage and handling. 
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DEVELOPMENTS AND APPLICATIONS OF THE MOLE LASER RAMAN MICROPROBE 
P. Dhamelincourt 


Physical analytical methods--electron microscope and microprobe, ion microprobe-~-have 
provided the analyst with powerful investigating means that permit the determination of 
morphology and elemental composition of samples in the micrometer size range. But these 
techniques use the emission of secondary electrons, x rays, or secondary ions caused by a 
primary electron or ion beam focused on the sample so that, based on atomic properties, they 
only provide indirect information about the polyatomic structures present in the sample. 
To come closer to the ultimate goal of microanalysis--positive identification of the mol- 
ecular constituents of microsamples and their distribution in the solid state--it was nec- 
essary to turn to techniques that provide data on molecular structure (x-ray diffraction, 
neutron scattering, NMR, and infrared and Raman vibrational spectroscopy). With the advent 
of the laser, by which the energy of a light beam can be concentrated into a very small 
volume, Raman spectroscopy appeared to be a choice method for the analysis of very small 
amounts of matter. Normal (spontaneous) Raman scattering!-°% relates to the change of fre- 
quency observed when a monochromatic light beam (vg frequency) is scattered by polyatomic 
molecules. The scattered light contains, near the vg radiation (Rayleigh scattering with- 
out change in frequency), much weaker radiations (10~© to 1079) at frequencies vg - Vi 
(Stokes lines) and vo + v3 (anti-Stokes lines}. All these lines form the Raman spectrum. 
The vz frequencies, expressed in wave number v = v/c(cem7!), characterize the scattering 
media and are independent of the incident radiation frequency. They correspond to the 
frequencies of the atom oscillations in polyatomic structures. They are directly read on 
the Raman spectrum recording, which usually consists only of the more intense Stokes part 
and whose origin is the vg frequency. Raman spectra can be used to characterize and iden- 
tify the chemical species (inorganic, organic, and biological molecules) and precisely de- 
termine their structure in all phases of matter. Thus, the vibrational Raman spectra can 
be regarded as unique fingerprints and often contain information on the local molecular 
environment. 

Raman analysis is relatively rapid (spectrum recording usually takes less than I hr) 
and nondestructive; it may be conducted in air under a controlled atmosphere or even in- 
side transparent media and does not generally require special preparation of the sample. 
These facts have led two laboratories--the U.S. National Bureau of Standards (NBS) and the 
Centre National de la Recherche Scientifique (CNRS) at Lille in France--to pioneer the use 
of Raman spectroscopy as a microanalytical tool,**> and to develop tndepencent Ty in recent 
years two types of advanced, first-generation microprobe instruments.®~9 Despite the major 
limitations of the technique (mainly, the inherent weakness of the Raman effect, the pos- 
sible fluorescence interferences, and the lack of quantitation), enough problems have been 
successfully solved by the two pioneering laboratories so far in a wide range of applica- 
tion areas to demonstrate the practical use and the unique capabilities of this technique!-13 

The purpose of this paper is to review the development of the MOLE (Molecular Optical 
Laser Examiner) Raman microprobe/microscope and discuss some results on the application of 
this instrument to diverse problems in microanalysis. 


MOLE Raman Mtcroprobe/Microscope 


Some years ago, several arrangements were studied at CNRS-Lille to obtain not only the 
Raman spectrum of microsamples but also images of very small objects by means of a charac- 
teristic Raman frequency. From experience gained in this preliminary work we came to the 


The author is at the Laboratoire de Spectrochimie Infrarouge et Raman--CNRS, Université 
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conclusion that a good way to study microsamples was to start from the tool of the micro- 

scopist--the optical microscope--to create an instrument specially designed for the use 

of the Raman effect for analyzing such samples. Two prototypes were built and described 

in earlier published work’»!" and in patents.!5-!’ This instrument is now commercially 

available under the name of MOLE (Instruments S.A., Inc., J-Y Optical Systems Division). 
MOLE assembles in the same instrument (Fig. 1} a conventional optical microscope (with 
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FIG. 1.--Diagram of Raman microprobe/microscope (MOLE) developed at CNRS-Lille, illustrat- 
ing modes of sample illumination and signal detection. 


bright- and dark-field illumination) , an optical filter possessing a very low stray light 
level (built with two concave holographic gratings), and two detection systems (mono- 
channel and multichannel). This association results in a very versatile instrument be- 
cause it permits two different modes of operation: 


(1) Point Illumination with Monochannel or Multichannel Detection (Spectral Mode). By 
means of the bright-field illumination system of the microscope, the same objective (of 
high numerical aperture) is used to focus the laser beam into a spot on the component of 
the sample to be identified and to collect the scattered light at the focal point. The 
scattered light is sent on the entrance slit of the optical filter, which can work as a 
micro-Raman spectrometer when the detector is a photomultiplier followed by an amplifier 
(or a photon counter) and a chart recorder (monochannel detection); or as a micro-Raman 
spectrograph when the detector is an intensifier phototube followed by a low light level 
TV camera, In this case the spectrum is visualized on a TV monitor or a CRT screen. An 
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adjustable image-field iris diaphragm placed in the image plane of the sample permits the 
elimination of light. (Raman light of support or host material, fluorescence) that does not 
originate from the focal point and to monitor the depth resolution of the probe (spatial 
filtering). 


(2) Global Illumination and Raman Imaging System (Imaging Mode). In this mode, a larg- 
er circular area (150 or 300 um in diameter) is illuminated with a rotating laser beam 
feeding the objective annular illuminator (dark-field illuminator device). In this case, 
the top aperture of the microscope objective (0) is optically conjugated with the three 
slits (0,, 02, 03) of the optical filter and the image (S|) of the sample (S) given by the 
objective is formed on the gratings (S», S3) and from there transferred through the aper- 
ture of the exit slit (03) to the photocathode of the intensifier tube (S,) (multichannel 
detection). 

By selecting, in the Raman spectrum, a radiation characterizing one particular compon- 
ent in the sample and by tuning. the optical filter to this frequency, one obtains a micro- 
graphic image on the TV monitor which indicates the distribution of this component through- 
out the illuminated area. The spatial resolution of the image is about 1 um. 

Finally, the imaging system can also be used with point illumination of the sample, so 
that one may rapidly and easily determine, from the observation of the Raman image of the 
focus point at the surface or inside the sample, the best conditions for recording spectra 
(maximum of Raman signal, adjustment of the image field diaphragm). 


Applteattons of Raman Microprobe Analysts 


Many problems were submitted to us. In order to illustrate how the method may be 
adapted to various problems, we present a few illustrative examples in totally different 
domains. 


Geology: Inelustons in Minerals. (1) Solid Inclusions. Raman microprobe permits the 
localization and analysis of solid inclusions in natural rocks. Figure 2 shows the anal- 
ysis of inclusions of sulfur (Sg) in a natural sample of celestite (SrS0O,). The inclu- 
sions are localized by Raman images in the strong 473cm7! line of sulfur. Isolation of 
the characteristic strong 1000cm™! band in the spectrum of SrSO, furnished the image of 
the host mineral. These images can be compared with that obtained with white light. 


(2) Fluid Inclusions. In most cases mineralogic reactions in the earth's crust occur 
in the presence of a fluid phase which may be trapped in the crystal defects. These fluid 
inclusions are real witnesses of the genesis of minerals and their compositions are of 
great interest for the geochemist. A great ee ales in the chemical study of fluid in- 
clusions is provided by the Raman microprobe,!®"!9 which permits the nondestructive analy- 
sis tn sttu of the gas, liquid, or solid in an individual inclusion within transparent 
media. However, attention must be paid to the irradiance level because local overheating 
can modify the equilibrium between the phases inside the inclusion. Figure 3 shows the 
analysis of gas inclusions in the No-CO» system. These inclusions are found inside host 
quartz and dolomite from Central Tunisian diapsirs.2° Raman microprobe investigation shows 
fossil fluids of variable No/CO ratio. These results agree with microcryoscopic data,?! 
but Raman analysis supplies more information since the ratio No/CO» can be obtained direct- 
ly from the relative cross sections of these gases and the spectral response of the in- 
strument. This ratio lies between 0.5 and 9, depending on the inclusions. In the same 
samples (quartz and dolomite), some monophase liquid inclusions (of about 50 um in lin- 
ear dimension) containing aliphatic or aromatic hydrocarbon (Fig. 4), have been disclosed. 
The simultaneous presence, inside the same crystal, of these different inclusions (hydro- 
carbons and nitrogen) may be related to the superficial signs of oil fields in the same 
region of Central Tunisia and leads to the supposition that the nitrogen is of organic 
origin.2° Similarly, very small solid phases inside fluid inclusions can be identified 
from their Raman spectrum.!9 Figure 5 shows the spectrum obtained when the laser beam 
hits the daughter crystal of a liquid CO) inclusion inside a quartz from Bancroft, Ontario. 
The peaks marked S arise from the crystal and the remainder from CO, and host quartz. The 
solid phase was identified as Nacholite NaHCO >) . These studies also include the analysis 
of dissolved species (S0,2-, C0327, CO», CH,).18>19 
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(b) 


(c) 


FIG, 2.--Analysis of sulfur inclusions in 
mineral sample of celestite (SrS0,): 
light image of analyzed area (dark field il- 
luminator); (b) Raman image of sulfur crys- 
tals obtained from 473 cm7! 
bond stretch); (c) Raman image of same area 
obtained from 1000cm! line of mineral host 
SrSO, (S-0 bond stretch). 


Microanalysts of Btologtcal Tissues. 


(a) white 


line of Sg (-S-S- 


Geology; Miecropaleontology. Hitherto 
no method has been available for the direct 
mineralogical characterization of the two 
crystalline forms of calcium carbonate 
(calcite-aragonite) in biomineralized ma- 
terial, a characterization of great impor- 
tance in the solution of numerous genetic 
or diagenetic problems posed by the coexis- 
tence of the two forms of CaCO3, Raman 
microprobe is well adapted to this type of 
problem because lines at 207 cm7! (calcite) 
and at 282 cm™! (atagonite) make the unam- 
biguous characterization of these compounds 
possible, Figure 6 presents results obtain 
in the study of cells of triassic Solenopor 
algae.** Despite the strong fluorescence d 
to an inadequate sample preparation for Ram 
analysis, calcite-aragonite alternations we 
directly evidenced. These results confirm 
secondary-ion microanalysis that showed a 
chemical zonation in Sr and Mg and x-ray 
diffraction patterns on sample grinding 
which showed a calcite-aragonite mixture. 


Industrtal Matertal Control: Investiga- 
tton of Defects. Formation of defects is a 
problem currently encountered in the produc 
tion of materials. The chemical identifica 
tion of these defects is of particular in- 
terest because it can lead to properly se- 
lected materials and processes. Many prob- 
lems have been successfully solved, such as 
analysis of defects in ceramics and content 
of bubbles in glass, identification of smal 
particles, contaminants in electronic micro 
circuits, and defects inside synthetic fi- 
bers or films.2? Figure 7 shows tn sttu an 
lysis of defects observed in polyethylene 
terephthalate (PET) fibers that are respon- 
sible for their breaking. In the high-fre- 
quency range (> 100 cm-*) spectra of the 
fiber and defect are identical but in the 
low-frequency range significant differences 
appear, which are characteristic of a local 
difference of crystallinity. Another ex- 
ample is the tn sttu analysis of small par- 
ticles (10 to 20 um in linear dimension) in 
side a PET film used for photographic sup- 
port (Fig. 8). Though these particles were 
almost transparent they impaired the clarit 
of the film. They were polytetrafluoroethy 
lene (PTFE) particles whose origin was four 
to be PTFE gaskets in the ethylene circuit. 


Interesting information unobtainable by electror 


or ion microprobe can be obtained on biological tissues (i.e., organic microanalysis in 


standard histological thin sections (= 7 um thick). 


In our laboratory various animal or- 


gans have been analyzed in a study of bioaccumulation resulting from the degradation of 


nucleic acids and proteins in cells and tissues (natural or pathological process) .*+ 


Sec- 


tions of the following animals were investigated: Blatellq (cockroach), Schistocerea 
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FIG. 3.--Analysis of gas inclusions in the No-CO» system: (a) white-light image of one 
No-CO» inclusion (bright field illumination); (b) Raman spectrum of the inclusion obtained 
with long-working-distance objective (inclusions are about 200 um below the surface of the 
quartz host). 


(locust), Epetra (garden spider), Promattas (mollusc), Heltx (snail), and Morone (fish). 
Figure 9 shows the results of the analysis of single concretions (size 1-2 um) in the in- 
terstitial tissue under the skin of Epeira. These results demonstrate that the concretions 
are made of pure guanine. Figure 10 shows the results obtained from a section of Schisto- 
cerea by analysis of integument spherocrystals (size 1 um or less). Raman spectrum reveals 
the presence of uric acid, potassium urate, and some sodium urate. 

Thus, a single nondestructive method gave within a few hours as many or more indica- 
tions than the comparison of results of several different techniques (histochemical reac- 
tions, chromatographic studies, x-ray diffraction, and use of electron and ion probes). 
Moreover, the studies are performed directly at the microscopic level, with very small 
samples. 


Evolutive Samples. In favorable cases, the multichannel detection system permits to 
follow the evolution of the sample. We have followed the evolution of an equimolecular 
mixture HNO3-H,0 from the glassy to the crystalline state.2> The glassy state is obtained 
by temper at 90°K and then the sample is slowly heated. The change of state is followed 
by means of the imaging mode by observing the appearance of the first crystal (31 x 13 um) 
(Fig. 11. This result proves that in solid state HNO3-H.0 is the oxonium nitrate H30", 
NO3-. Photochemical reactions have been also followed by the same technique.*°® 


Coneluston 


With routine detection limits under the nanogram, Raman microprobe techniques represent 
here and now a breakthrough in microanalysis. In the future, with more and more labora- 
tories entering the field and a better understanding of phenomena observed in the Raman 
scattering from microsamples, Raman microprobe techniques are expected to become rapidly 
major microanalytical techniques yielding new or more precise answers to problems left 
unsolved or incompletely solved by conventional techniques. 
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FIG. 4.--Evidence of hydrocarbon fluid inclusions in minerals: (a) Raman spectrum of 
aliphatic hydrocarbon; (b) Raman spectrum of aromatic hydrocarbon. These spectra were 
obtained with long-working-distance objective. (Inclusions are about 150 um below surface 
of quartz host.) 
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FIG. 5.--Analysis of daughter crystal inside CO) fluid inclusion in host quartz. Direct 
characterization of Nacholite (NaHCO3). 
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FIG, 6,--Analysis of cells of triassic Solenopora algae showing directly calcite-aragonite 
alternations: (a), (d) peripherical cellular frame: calcite; (b), (e) diagenetic layer: 
aragonite; (c), (f) central part of cells: calcite. 
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FIG. 7.--In sttu characterization of local 


defects of crystallinity in synthetic PET 
fibers. 
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FIG. 9.--Microanalysis of a histological section of Epeira (spider). 
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FIG. 10.--Microanalysis of a histological 
section of Schistocera (locust). Identifi- 
cation of purines in integument: (a) White- 
light micrography of a portion of the histo- 
logical section showing spherocrystals; (b) 
Raman spectra of a--uric acid, b--potassium 
urate, c--sodium urate (reference material), 
and d--spherocrystals. 
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(b) 


FIG. 11.--Evolution of equimolar mixture 
HNO3-H20 from the glassy to the crystalline 
state: (a) glassy state is characterized by 
diffuse image (1000cm™! band); (b) Raman 
image of the first crystal of oxonium ni- 
trate (1060cm-! line). 
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RAMAN MICROANALYSIS OF S70 SOURCE MATERIALS BY MEANS OF MOLE 
Fran Adar, M. J. Mitchell, and J, N. Ramsey 


The molecular optical laser examiner (MOLE) has been successfully utilized in charac- 
terizing source materials from which Si0 films are deposited on semiconductor integrated 
circuits. The Raman spectra gathered from lum-sized regions indicate that the two source | 
materials examined are different. The spectrum from one material matched that of a 27 OOOA 
SiO film; the other resembled the Raman spectrum of fused silica. In addition, both source 
materials contained minority species with well-defined Raman spectra. These data support 
the existence of SiO (rather than a mixture of Si and SiO.) in the solid phase. However, 
since the MOLE spectrum of one of the source materials is definitely different from that 
of the film, it is possible to conclude that the characteristics of the film are deter- 
mined by the mode of deposition as well as the starting material. 

Layers of silicon monoxide are routinely deposited on semiconductor integrated circuits 
because of their electrical insulating and optical properties. Although elemental analysis 
indicated that silicon and oxygen occur in these films in a 1-to-1 stoichiometric ratio, 
there was doubt as to whether a well-defined SiO solid species really exists. However, 
data from Electron Spectroscopy Chemical Analysis (ESCA) indicated that the electronic 
structure on the silicon in these films is easily differentiated from that of crystalline 
silicon and fused silica! and that the SiO has a cross linked polymeric structure varying 
between 03-Si-0-Si-O3 and par ah Renee However, thermodynamic phase diagrams indicated 
that SiO, if present, might be unstable. It was therefore proposed that the MOLE be used 
to characterize the film, compare it to reference materials (crystalline silicon, fused 
Silica, and a-quartz), and examine the source materials used to make the films. 


Expertmental 


Two source materials of SiO were examined in the MOLE. One was. a dull gray material 
with conchoidal surfaces. The other was a porous, shiny black material. Because of the 
short working distance of the MOLE objective and undulations on the surfaces of the second 
material, it was necessary to examine small particles of this material in the MOLE. When 
examined in incident light, these particles appeared highly reflective. In addition, ma- 
terials remaining after evaporation were examined in the MOLE. Microscopically this mate- 
rial consisted of several components whose spectra were recorded individually. 

The SiO film examined on the MOLE was 27 000 A (or 2.7 um thick. Because the depth of 
focus of the 100x lens is of the order of a micron, most scattering observed from the film 
was from the film itself. 

Reference spectra from crystalline silicon, fused silica, and a Herkimer diamond 
(a-quartz) were also recorded. 

A schematic layout of the MOLE is shown in Fig. 1. A research-grade microscope serves 
aS a sample mount and positioner. In punctual illumination, the objectives permit laser 
illumination of a microscopic region of sample whose dimensions are determined by diffrac- 
tion-limited optics (the 100x dry objective produces a lum spot on the sample). In spec- 
tral mode, the monochromator is scanned, the scattered light is detected by a photomulti- 
plier, and a spectrum from the laser-illuminated spot is recorded. (The MOLE also has a 
multichanel detector consisting of an image intensifier and a high-sensitivity vidicon. 

In the spectrograph mode, 200 cm-! can be viewed simultaneously either on a TV monitor or 
on an oscilloscope. In the image mode, a large field of view is illuminated by a rotating 
mirror system used in conjunction with a dark-field illuminator; in this case, an image of 


F, Adar is with Instruments S.A. in Metuchen, NJ 08840; M. J. Mitchell is at the New 
Mexico Institute of Technology, Socorro, NM, 87801; J. N. Ramsey is with IBM in Hopewell 
Junction, NY 12533. 
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FIG. 1.--MOLE optical schematic. 


a heterogeneous sample can be formed by the Raman scattered light. A full description of 
the MOLE can be found elsewhere. 3) 


Results 


Figure 2 shows the MOLE spectra from the 2.7ym Si0 layer and the fused silica, a-quartz 
and crystalline silicon reference materials. The Si0 film has a relatively sharp band at 
493 cm! (full width at half height = 20 cm™!); silicon has a very intense, sharp band at 
520 cm7! (full width at half height = 5 cm-!)}. The most intense band in the spectrum of 
a-quartz occurs at 465 cm-! (full width at half height = 10 cm7!}, Fused silica is a highl 
amorphous material with a broad band between 200 and 500 cm7!, and a second weaker broad 
feature centered between 750 and 800 cm™!. The Raman spectra of these silicon oxides are 
easily distinguishable from each other and from crystalline silicon. 

Figure 3 shows the MOLE spectra of the first source material. The spectrum of the ma- 
jority species, the dull gray material, is identical to that of the Si0 film. Microscopic 
examination revealed numerous white inclusions whose Raman spectrum consisted almost ex- 
Clusively of a peak at 508 em-! and did not match any of the other spectra recorded. 

MOLE spectra from the second source material are shown in Fig. 4. The majority species 
in this case appeared reflective and glassy when viewed in incident light even though the 
material itself was shiny black and porous when examined visually. Its Raman spectrum was 
broad and similar to that of fused silica except that the bands tended to have more struc- 
ture on them. In this case, microscopic examination revealed small yellow inclusions whose 
Raman spectra matched that of the SiO film. 

Figure 5 shows the MOLE spectra obtained from various microscopically identifiable com- 
ponents of material remaining after evaporation. The spectra vary somewhat from species to 
species, but all show a single band near 500 cm7! and a doublet between 660 and 710 em7!, 


Disecusston 


The MOLE data shown above give evidence to two facts, The first is that the Raman spec 
trum of SiO clearly distinguishes it from crystalline silicon and from other oxides of sili 
con. The fact that the principal band of SiO is somewhat broader than those of crystalline 
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FIG. 4.--MOLE spectra of source material 
from Vendor 2. Same conditions as Fig. 3. 
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FIG. 5.--Mole spectra of silicon oxide ma- 
terial remaining after deposition. Spectra 
were produced from more than one region of 
each morphological species identified in 
microscope. Same conditions as Fig. 3. 


silicon and of a-quartz is consistent with the supposition based on ESCA results that 
there is a "distribution of species ranging from 03-Si-0-Si-03 to Si3-Si-O-Si-Si,." 

The second conclusion to be drawn from these data is that the two sources of SiO 
Starting material are not equivalent. The MOLE spectrum of the majority species of one 
matches that of the SiO film, whereas the spectrum of the other most closely matches that 
of fused silica (amorphous SiO»). One could thus infer that the characteristics of the SiO 
film are determined by the mode of evaporation and deposition as well as the stoichiometry 
of the starting materials. 

The data recorded from the material remaining after evaporation are somewhat anomalous. 
In addition to a band in the 500cm7! region, there consistently appeared a doublet at 700 
em-!, It is curious that in. reference spectra of polydimethylsiloxane, hexamethyldisiloxan 
and octamethylcyclotetrasiloxane, the strongest bands appear at 500 and 700 cm7!, whereas 
Silicic acid tetramethylester and tetramethysilane show only single bands in these regions. 
One can infer that the structure observed in the recovered material is indicative of "poly- 
merization" of the siloxane bonds. 


Coneluston 


The Raman spectra of an SiO film and source materials used in depositing this film de- 
rived in the MOLE provide characterization of these silicon oxides. The spectrum of the 
SiO film is readily distinguishable from crystalline silicon, fused silica, and a-quartz. 
The linewidth of the strongest Raman band is broader than the strongest bands of silicon 
and quartz which is consistent with the model and Raider and Flitsch,! who propose a dis- 
tribution of silicon tetrahedral linkages. The spectra of the two source materials are 
not equivalent; only one of them fingerprints the SiO film. That implies that the proper- 
ties of the film are affected by the method of evaporation as well as the composition of 
the starting material. 
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RAMAN MICROPROBE STUDY OF BIOLOGICAL MINERALIZATION zy srru: ENAMEL OF THE RAT INCISOR 
F. S. Casciani and E. S. Etz 


The jadvantaees of microprobe methods, especially in the life sciences, are well docu- 
mented.!~3 In biological studies, their unique capabilities for the microanalysis of 
Spatially heterogeneous samples permit the determination of the distribution of various 
COMpOne nto: Unlike conventional (electron- and ion-beam) microprobes, the Raman micro- 
probe,’ > through the interpretation of vibrational Raman spectra, permits the identifica- 
tion and localization of molecular species in heterogeneous microregions. A recent appli- 
cation of this technique (which employs the Raman microprobe developed at NBS) to the study 
of the processes of biomineralization and the identification of molecular species present 
at the ne ReAS 7 Ene front in mineralizing rat enamel and embryonic chick tibia, has been 
reported. ® 

Enamel mineralization has been described in terms of morphological’~19 and chemical!®>?! 
characteristics; these studies suggest that enamel mineralization is a complicated process. 
Enamel mineralization is characterized by the nucleation of a mineral phase--biological 
apatite--in an extracellular highly hydrated matrix, during the secretory stage of the 
ameloblasts. A continuous increase in mineral content occurs until the mineral is approxi- 
mately 99wt% of the tissue. 

The studies reported here were undertaken to determine the initial mineral present at 
the mineralization front and to elucidate the changes that occur in the mineral content 
during the early stage of enamel development. 

The continually erupting rat incisor contains regions reflecting these stages of en- 
amel development. This type of tissue was chosen for study because with appropriate sample 
preparation these regions are easily identified and morphologically discernible. 

Sprague Dawley rats weighing approximately 100 g were sacrificed with ether. The man- 
dibles were dissected out and the incisors removed; care was taken to avoid damaging the 
enamel organ. A piece 4 mm long was cut from the apical end of the incisor and positioned 
in freezing water in such a way that saggital sections could be cut on the cryostat at 
-20°C. A mid-saggital section 10 um in thickness, with the expected morphological detail, 
was transferred to a sample substrate (sapphire) and allowed to air dry. This section of 
the tissue contains a region in which the developing enamel is about 30 um thick, which re- 
flects the development of inner enamel. 

Spectroscopic measurements on these enamel sections were made with the 514.5nm line of 
an argon-krypton ion laser; the spectra were excited with 20 mW of laser power placed in a 
beam spot of 7 um diameter (lateral spatial resolution). 

_ The size of the focal spot and the incident laser power determine the power density or 
irradiance (watts/cm*) incident on the sample. From the laser spot size (7 um) and the 
tissue section thickness (about 10 um), we estimate that the spectra were obtained from 
about 1.5 ng of sample, based on a value of 1.5 g/em? for developing enamel. 

Each spectrum was recorded with 3cm™! spectral reso TUErons a time constant of 15 sec 
(by photon counting detection), and a scan rate of 5 cm l/min. A complete description of 
the instrument and its microanalytical capabilities has been given elsewhere. 

Figure 1 shows typical enamel sections mounted on sample substrates prepared for 
analysis by the procedures described above. 

Figure 2 shows a comparison of the Raman spectra obtained from rat incisor enamel at 
two distinct stages of development. The spectrum of mineralizing enamel was obtained 
from area B of the section shown in Fig. 1b. The spectrum of mature enamel was obtained 
from an erupted rat incisor, fractured and positioned on a sample substrate so that the 
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spectrum of mature enamel could be obtained. 
These spectra illustrate the changes in the 
Raman spectral features associated with the 
process of mineralization. The lower spec- 
trum in Fig. 2 is a reference spectrum of 
synthetically prepared hydroxyapatite, and 
is shown in order that the spectral features 
associated with the apatite mineral portion 
of the developing tissue may be compared. 
The vibrational analysis of hydroxyapatite 
has been reported and band assignments for 
the infrared and Raman active modes have 
been made.!2,13 The Raman spectrum is dom- 
inated by the intense v, band at 961 cm}, 
whose intensity is approximately eight times 
the intensities of the vo (431 and 499 em7+), 
v3 (1030, 1048, and 1079 cm~!), and v, (581, 
590, and 610 cm!) internal modes of the 

POS” ion in the apatite structure. 

The v; (P-O symmetric stretch) is readily 
recognized in the Raman spectrum of the bio- 
logical apatite. Its observation along with 
the vo, v3, and v, modes permits the identi- 
fication of biological mineral as apatite. 

The comparison of the spectra of mineral- 
izing enamel and mature enamel indicates that 
the differences in the spectra are attribut- 
able to the gradual disappearance (or removal) 
of the organic matrix as the enamel becomes 
fully mineralized. From the similarities in 
the spectra of mature enamel and hydroxapatite 
the high (about 99wt%) mineral content of the 
mature tissue is easily recognized. 

The regions denoted by A, B, C, and D 
(Fig. la) indicate the location of microscopic 
sampling volumes analyzed in the microprobe 
and correlate with the sequential spectra 
shown in Fig. 3. The region denoted by point 
E was analyzed after the A-D sequence of anal- 
ysis was performed, to determine whether mea- 
surement-induced changes had occurred during 
the analysis. The spectra obtained from re- 
gions A and E were in excellent agreement. 

The spectra in Fig. 3 show the increase in the intensity of the 960cm~! band from area 
A to area D. The spectral features associated with the vo, v3, and vy are observed in spec 
tra C and D. In spectra A and B, the intensity of the v, (960 em7?) suggests that the vo; 
v3, and v, are too weak for these modes to be detected above the spectral background. The 
Vo in spectra A, B, C, and D is also in the region of the bands associated with the sapphir 
substrate, which are marked by arrows in Fig. 3. In all analyses of early mineralizing en- 
amel, the spectra indicate that the v; of the phosphate mineral occurs at 960 em! , which 
suggests that if other phosphate species are present during this early stage of mineraliza- 
tion, they are present in either much lower concentrations than the apatite mineral asso- 
ciated with the v, mode at 960 cm™/, or a transformation to this apatitic phosphate phase 
occurs as a result of the measurement or sample preparation. Raman microprobe analyses of 
several other mineral phosphates (such as octacalcium phosphate, dicalcium phosphate di- 
hydrate, and monocalcium phosphate hydrate) indicate that good Raman spectra are obtained 
at similar and much higher irradiance levels than those used in this study. 

Whether these spectra might also reveal the potential presence of an amorphous calcium 
phosphate (ACP) is a goal of future research. Such studies, by this technique, require the 
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FIG. 1.--Light micrographs of 10um-thick 
rat incisor incisor enamel sections on 
sapphire sample substrates. (a) A, B, 
C, and D are microregions from which 
spectra in Fig. 3 were obtained. Micro- 
region A is at mineralizing front and D 
is at dentino-enamel junction. (b) B is 
the microregion from which spectrum of 
mineralizing enamel (Fig. 2) was ob- 
tained. 
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FIG, 2.--Comparison of the Raman microprobe FIG. 3.--Sequential Raman microprobe spectra 
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characterization of ACP and the study of the stability of this material with respect to 
laser irradiance levels employed. 

Figure 4 shows the increase in the relative intensity of the 960cm! band from region 
A to region D in the enamel section of Fig. la. Over the 30um distance from the amelo- 
blast-enamel junction to the dentino-enamel junction there is approximately an eight-fold 
increase in intensity. This gradient in DeOs Duets intensity is in good agreement with the 
elemental calcium analyses performed by Glick!® by use of electron microprobe for examina- 
tion of the same regions of developing rat incisor. Hiller has shown, by the microanaly- 
sis of samples obtained by microdissection, that in this region of developing rat incisor 
enamel a sample equivalent to the total thickness of the enamel contains 7-8% phosphorus 
(corresponding to 23-24% phosphate).!! Based on the observed changes in the v; phosphate 
intensity reported here, we conclude that the outer 10um region of developing enamel con- 
tains approximately 10% of this total phosphate (Fig. 4). This region may therefore con- 
tain as little as 2% phosphate mineral by weight, which suggests that early enamel matrix 
may have more than 95wt% hydrated protein. 

At present our efforts are being directed to a more complete understanding of the com- 
positional and structural information obtained in the spectra, especially with regard to 
this initial mineral in the 10um region of early developing enamel. Beyond that, we ex- 
pect that future work will provide more definitive information concerning the conforma- 
tion of the proteinaceous matrix and any changes in protein structure as mineralization 
proceeds in the tissue. 
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INVESTIGATIONS INTO THE CRITICAL MEASUREMENT ASPECTS OF RAMAN MICROPROBE ANALYSIS 
E. S. Etz and J. J. Blaha 


At last year's conference we presented a survey of microparticle studies performed 
with the NBS-developed Raman microprobe.! That account was limited to a brief descrip- 
tion of the instrument and to a discussion of microsample analyses; no attempt was made 
to present in detail some of the more important experimental considerations and limita- 
tions. We now extend these earlier discussions and focus on what we consider to be crit- 
ical aspects of Raman microprobe measurements. From our investigations of a broad range 
of problems in microanalysis, we have gained some insight into several important experi- 
mental difficulties and their potential resolution.2~’ We focus here on (i) instrument 
design and spatial resolution, (ii) laser-induced sample heating and optical breakdown, 
(iii) effects due to the chemical reactivity of microparticles, (iv) laser-induced sample 
fluorescence, and (v) low-signal measurements. These examples are not exhaustive, but 
point to experimental observations we consider significant. 


Miecroprobe Destgn and Spattal Resolution 


An important experimental goal in microprobe work is to obtain measurements with as 
precise and well known a spatial resolution as is possible. In Raman microprobe diagnos- 
tics, spatial resolution may be defined by the intersection of the incident focused laser 
beam (i.e., the laser spot) and the field of view or the sampling volume of the collection 
optics. In the NBS instrument, spatial resolution is determined by the particular configu- 
ration (180° backscattering) of the focusing/light collection geometry utilized in the 
fore-optical system.® This design (Fig. 1) has important consequences regarding the effec- 


1 ENTRANCE PINHOLE 5 ELLIPSOIDAL COLLECTION MIRROR 
2 BEAM SPLITTER 6 SAMPLE SUBSTRATE 

3 VIEWING EYEPIECE 7 EXIT PINHOLE 

4 REFLECTING MICROSCOPE OBJECTIVE 


FIG. 1.--Schematic of fore-optical system of NBS Raman microprobe, showing beam focusing, 
sample viewing, and scattered light collection optics mounted on support rails. 


tive spatial resolution of the probe measurement. The schematic shows the optical and 
mechanical components between the (beam) entrance pinhole and the exit pinhole spatial 
filter positioned on the optic axis in the path of the collected scattered radiation. 
The entrance pinhole is at the image point of the beam-focusing objective--either a re- 
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flecting objective (as shown) or a refractive lens--which allows the use of beam spots 
that may be varied between about 2-20 um in diameter (lateral resolution). The exciting 
radiation is focused through a circular opening in the ellipsoidal mirror collector of 
high numerical aperture (NA = 0.86) that provides efficient, large-solid-angle collection 
of the scattered light, The size of the exit pinhole (140 um in diameter for most mea- 
surements) determines the degree of spatial filtering and thereby the effectiveness in 

the rejection of potentially interfering scattering by the substrate or the host material. 
For the NBS microprobe, the optical and geometrical factors that determine the effective 
sampling volume and hence the effective spatial (lateral and depth) resolution have been 
discussed for the case of single microparticles supported by a substrate (typically a-Al 03 
or LiF) and for microscopic regions localized in or below the surface of a heterogeneous 
bulk specimen.? Calculations show that for discrete microscopic samples larger than 0.9 um 
(the diffraction limit of the ellipsoidal mirror collector), the diameter of the exit spa- 
tial filter closely determines the dimensions of the collection volume accessed by the el- 
lipsoidal mirror. With a 140ym-diameter exit spatial filter the collection volume is de- 
scribed by an ellipsoid with axial dimensions of.8 and 9 um. Owing to spherical aberra- 
tions and coma the true depth (along the optic axis) of the collection volume is more like 
12 um (in air). Thus, the Raman signal--in most cases--originates from both the surface 
and the bulk of the sample. For probe volumes embedded in a host (e.g., a microscopic 
fluid inclusion) the effective spatial resolution is less well defined owing to several 
optical effects and aberrations (distortions) of the sampling volume, which reduce the 
collection efficiency of the ellipsoid. 

From the above it is apparent that the performance requirements placed on the illumina- 
tion/collection geometry call for the optimized collection of the scattered light from the 
probed region and isolation or minimization of any contributions from the substrate or 
host. Figure 2 shows Raman spectra obtained under identical irradiance conditions (approx. 
1 MW/cm?) from a thorium oxide particle (a microsphere) of submicrometer size (diam. 

0.8 um), which illustrate the effects of spatial filtering--with and without exit pinhole-- 
on the extent of spectral interference by the sapphire substrate. The oxide displays a 
simple Raman spectrum!° consisting of a single line (marked P) with shift 467 cm™!. The 
Raman bands characteristic of sapphire,!! a relatively weak scatterer, are labeled S. The 
effect of limiting the collection volume of the ellipsoid by the size of the exit spatial 
filter is seen by comparison of the signal-to-background ratios of the two spectra. 


Laser-Induced Sample Heating and Optical Breakdown 


A Raman scattering experiment on a microsample with strongly absorbing properties pre- 
sents formidable problems. Strong absorption of the focused laser radiation by colored 
samples heats them and may lead to their thermal decomposition. A 100mW laser beam focusec 
at a particle about 1 um in size produces a light intensity or irradiance of several mega- 
watts per square centimeter. Thus, measurements must be made at irradiance levels commen- 
surate with preserving the integrity of the sample. The microprobe systems in use have 
been designed so that the signal-to-background ratio is almost independent of the irra- 
diance level; thus, power density on the sample can be reduced, but measurement times are 
increased. 

The problem of sample heating, for the epectad case of radiation absorption by (spheri- 
cal) microparticles, has been considered.?>! From model calculations, estimates have beer 
derived for the transient and steady-state temperature reached by optically absorbing sphe1 
ical particles immersed in a host (e.g., air or Al503). Results show that heating effects 
become less severe as the particle size decreases (which is also borne out by experiment) 
and that a sapphire host, for example, is three orders of magnitude more efficient as a 
heat sink than air. The calculations indicate also that destructive heating of micro- 
particles can be attributed to highly localized absorption and large temperature gradients 
in the particle. In the practical situation, these effects can be brought on by absorbing 
surface layers or microscopic inclusions. In these cases, the heat-sinking properties of 
the substrate material (e.g., sapphire) are likely to be relatively ineffective. 

Laser-induced sample heating usually leads to noticeable spectral changes that can 
either be attributed to the rise in sample temperature (bands tend to shift to lower wave- 
numbers and broaden) or to thermally induced sample changes, such as phase transitions or 
compositional modifications. Not much is known about real energy density thresholds for 
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SampleThO, SizeD0.8 um 
Substrate 1,0 
Laser 41,5145 nm 
power 40 mw (at sample)| 
beam~ 8 um diameter 
Spectral slit width 4 cm! 
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FIG, 2,--Raman spectra of submicron thorium oxide particle showing effect of spatial filter- 
ing on spectral interference by sapphire substrate. Bands marked P and S derive from par- 


ticle and substrate, respectively. Upper spectrum obtained with 85um-diameter pinhole exit 
Spatial filter, lower spectrum without. 
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significant absorption-induced perturbations of microsamples, Complete sample breakdown 
(e.g., melting, vaporization) by simple absorption heating sets an upper limit on the 
allowable intensity of the focused beam. 

We can illustrate the effects of laser-induced sample heating with experimental ob- 
servations made in the analysis of radiation-absorbing environmental particles (i.e., 
"unknowns"), as well as by spectral studies of known materials for which the effects of 
high temperature increases are understood. Figures 3 and 4 show spectra obtained under 
both low and high irradiance conditions (with 514.5nm excitation) that demonstrate spec- 
tral changes brought on by thermally induced sample changes; ‘Fig. 3 shows the result of 
two successive measurements on a 3um particle isolated from a bulk sample of airborne dust. 
The unknown particle is identified as NaNO3 with reference to published Raman data for this 
salt.!3 The upper spectrum was obtained at an irradiance of 5.7 kW/cm?; the lower, at 0.3: 
MW/cm*, The most pronounced difference in the two spectra consists of the two broad bands 
in the 1200-1700cm-! region and the appearance of a much higher background light or lumi- 


URBAN DUST 
stage 2 ; 
Sample 
Substrate Al,Oz 
Laser 4, 514.5 nm 
power Is mW (at sample) 
beam~ 20 um_ diameter 
Spectral slit width SO cm! 
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FIG. 3.--Effect of laser irradiance (watts/cm2) on spectrum of microparticle of sodium 
nitrate (NaNO3) in urban air particulate dust. Power density at sample: top, 5.7 kW/cm* 5 
bottom, 0.32 MW/cm*). Shown also is (interfering) spectrum of sapphire substrate. 
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FIG. 4.--Spectra of stack particulate from o0il-fired power plant, illustrating measurement- 
induced effects. Analysis conditions: particle size, 8 x 12 um; substrate, a-Al 203; laser, 
Ag = 514.5 nm; spectral slit width, 3 em71; pinhole, 140 um; intensity, 1000 counts full 
scale. Parameters varied: power (at sample), 25 mW (A,C), 120 mW (B); beam spot, about 

18 um diameter (A,C), about 8 um (B); time constant, 3.0 sec {A,C), 1.0 sec (B); scan 

rate, 20 cm-!/min (A,C), 50 cm-!/min (B). Bands marked S arise from scattering by sap- 
phire substrate. 
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nescence level in the high irradiance spectrum, Other differences are noted in both the 
intensity and spectral definition of the bands--with frequency shifts 98, 185, 724, 1068 
and 1385 cm-!--attributed to sodium nitrate. The two pronounced, broad bands in the lower 
spectrum, centered at 1350 and 1600 cm™!, are associated with the presence of a form of 
polymeric (also called graphitic or elemental} carbon not detected in the low-irradiance 
spectrum. In the spectra of Fig. 3 we see the result of the absorption-induced conversion 
of an environmental carbonaceous material (a minor constituent of the particle, most likely 
surface adsorbed) to a form of polymeric carbon with graphitic structure. >!4 

In the analysis of stack particulates from oil-fired power plants we have made similar 
observations of measurement-induced spectral changes. Figure 4 shows results from current 
investigations of stack aerosol particulates collected by size-separating impaction sam- 
plers. The top (A) and bottom (C) spectra of Fig. 4 were obtained under identical, low- 
irradiance conditions; the middle one (8B), at high irradiance. The analysis of these con- 
secutive spectra permits the following interpretation. Nickel ammonium sulfate, NiSO,° 
(NHi,) 2S0,,*6H20, is the major--and in the top spectrum the only detectable--component of 
the microparticle, by comparison with Raman data cited in the literature!>>!© and refer- 
ence spectra of this double sulfate obtained in the microprobe. The crystalline solid has 
its strongest band (sulfur-oxygen mode) at about 985 cm7! and other bands of weaker in- 
tensity centered around 455, 625, and 1110 cm=!, The high-irradiance measurement (B) 
gives evidence of a second (minor) component, with the appearance of a band at 144 cm}, 
the strongest feature in the spectrum of vanadium pentoxide.!’ Other bands characteristic 
of V20s have assigned Raman shifts of 104, 285, 406, 701, and 995 cm™!, but (except for 
the last) are obscured by the high luminescent background of the spectrum. In parallel 
measurements on microparticles of two other oxides of vanadium, V203 and V0, (or VOo), 
we have shown that these lower oxides are transformed by the intense laser radiation (via 
thermal oxidation) to V205. The two lower oxides are dark (black/green) colored and highly 
absorbing at 514.5 nm. The middle spectrum also shows the graphitic carbon bands (in the 
region 1200-1700 cm-!) thought to arise from the decomposition of an organic layer or film 
on the particle. The third measurement furnished aspectrum (C) with better signal-to- 
background than the first, owing to sample changes that altered the nature, or abundance, 
of luminescing constituents or contaminants. 

Spectral changes induced by laser irradiance are frequently observed in the analysis 
of organic microparticles. However, these changes cannot always be fully explained by 
thermally induced modifications of the sample, but may result from photodecomposition 
(e.g., photooxidation, photolysis), as many molecular solids are unstable to high-intensity 
visible laser radiation. Optical breakdown is thus a second, laser-induced potential per- 
turbation and can at times be a source of difficulty. 

An example of this kind of observation is shown in the spectra of Fig. 5 for two micro 
crystals of trinitrotoluene (TNT explosive, straw-yellow colored) excited with the yellow 
(568.2nm) and red (647.1nm) line of the laser. Bands in the Raman spectrum of TNT arise 
from vibrations of the phenyl (Cg) ring; C-H, C-N bonds; and vibrations of the NO» groups. 
No spectra could be obtained with green line (514.5nm) excitation owing to instantaneous 
sample decomposition (melting point 82°C). The top spectrum--obtained under low-irradianc 
conditions--shows a slowly progressing sample modification, evidenced by the changing or d 
veloping background during the course of the measurement. This luminescent background can 
not be attributed to thermal radiation (incandescence), for the microcrystal is still ata 
low (nonincandescent) temperature well below its melting point. From this observation we 
cannot exclude, in this and other such examples, the possibility of the optically induced 
formation of a fluorescing species. 

Since this particle is supported by a sapphire substrate, we note in the bottom spec- 
trum the fluorescence interference (R-lines of ruby) from trace amounts of chromium (Cr3*) 
in the sapphire, appearing as a sharp doublet at 1050 cm™! and 1021 cm-! (wavenumber shift 
with red-line excitation. The TNT spectra then illustrate a form of background interfer- 
ence which is excitation dependent but not necessarily absorption (i.e., thermally) induce 

Since the intensity of vibrational Raman scattering is temperature dependent, we have- 
in some experiments--obtained estimates of the temperature reached by the sample from the 
determination of Stokes and anti-Stokes Raman intensity ratios.1!9 
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FIG. 5.--Spectra of microcrystals of trinitrotoluene (TNT) excited at two laser wave lengths. 
Measurement parameters: Top--particle size, 20 x 60 um; power, 8 mW (at sample); beam spot, 
about 16 pm diameter; time constant, 2.0 sec; scan rate, 50 cm7!/min. Bottom--parti cle 
Size, 15 x 25 um; power, 30 mW (at sample); beam spot, about 12 um diameter; time constant, 
2.0 sec; scan rate, 50 cm-!/min. For both spectra--spectral slit width, 3 cm! ; pinhole, 
140 um; intensity, 1000 counts full scale. Particles supported by sapphire substrate. 

Bands marked S in lower spectrum are due to substrate fluorescence. 


Chemtcal Reactivity of Microparticles 


The pronounced chemical reactivity of microscopic particles of many classes of materials 
and compounds is well known. This enhanced susceptibility of certain microsamples--as 
against that of their bulk sample counterparts--to chemical reaction or modification can 
be a source of difficulties in Raman microprobe studies as the sample is usually exposed 
to the ambient laboratory atmosphere, rather than being confined to an evacuated sample 
chamber, as in electron- and ion-beam instruments. Considerations of the reactivity (or, 
conversely, the instability) of microsamples are particularly pertinent in the characteri- 
zation of atmospheric aerosols, such as in the speciation of airborne soluble sulfates and 
nitrates.29>21 In recent work, as part of a micro-Raman study of the molecular identity of 
South Pole atmospheric aerosol,® we have examined the question of aerosol reactivity and 
chemical transformation of microparticles more carefully. These measurements made use of 
a controlled-atmosphere sample chamber, built to enclose the sample stage of the instrument. 
It permits maintaining samples in a nonambient atmosphere (usually dry nitrogen) to prevent 
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contamination or alteration of the specimen by (for example) ammonia at ambient levels or 
by atmospheric moisture. This procedure has allowed us to examine the relationship be- 
tween chemical composition (solid/aqueous phase) and humidity to Raman scattering by hygro- 
scopic particles. 

In these investigations of (submicron) South Pole atmospheric aerosol we needed to be 
concerned with the hygroscopic nature of microparticulate crystalline sulfates and nitrates 
[e.g., (NH) 250,, NH,HSO,, LiN@3]. For several of these salts we have obtained the spectra 
under various conditions of relative humidity (RH), to observe (from the spectra) the deli- 
quescence of microsamples, the evaporation rate of liquid microparticles, and the kinetics 
of crystallization from the solution phase. In the case of these hygroscopic solids, the 
formation of a deliquescent phase is denoted by rapid spectral changes, such as the disap- 
pearance of lattice modes in the low-frequency region. The spectra of Fig. 6 show these 
changes for a microparticle of lithium nitrate. This salt crystallizes in the calcite 
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FIG. 6.--Spectra of a microparticle (size about 20 um) of lithium nitrate exposed to dif- 
fering conditions of relative humidity (RH). Recorded with: time constant, 2.5 sec (top), 
0.3 sec (bottom); scan rate, 20 cm-!/min (top), 200 cm-1/min (bottom); spectral slit width, 
3 cm! for both. 


structure; thus, three Raman-active NO3_ internal vibrations and two lattice modes are ex- 
pected.2% The internal frequencies in LiNO3 are quite dependent on the amount of water 
present and the physical state of the sample. Since crystalline LiNO3 is highly hygro- 
scopic, this dependency is reflected in shifts for the internal frequencies that are a 
sensitive function of the extent of hydration of the crystal. (At least two stable hy- 
drates exist, LiNO3°H,0 and LiNO3*°3H,0.) The top spectrum is that of a microparticle con- 
verted to a microdroplet. In the aqueous solution phase the strongest band is the nitrate 
symmetric stretching vibration (v;) at about 1052 em-!, the low-frequency lattice modes 
are of course absent. The spectrum (bottom) of the microcrystal shows much sharper bands , 
with shifts at about 1385 cm-! (v3), 1072 cm! (v1), 785 cm™! (vy), 238 cm7!, and 125 cm7!, 
the last two being the lattice modes--all of which have shifted (about 20 cm™! for v1) to 
higher frequencies. In this measurement, the exact state of hydration of the microcrystal 
is not known. 


Laser~induced Sample Fluorescence 


Intimately related to excitation and detection of micro-Raman spectra is one other 
wavelength-related factor--fluorescence--which assumes major importance in the selection 
of excitation wavelength. Fluorescence occurs when one or more constituents of the ob- 
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served system (e.g., a single particle or a biological tissue section) absorb part of the 
incident light and then emit some of this absorbed energy. The fluorescence emission per 
molecule can be many orders of magnitude stronger than Raman scattering from the sample. 
Thus, fluorescence from only minor constituents such as sample impurities or contaminants 
can provide severe background interference to microprobe measurements. In the analysis 

of environmental particulates, fluorescence can be attributed to absorption by organic 
combustion residues (present as contaminating films) or other types of adsorbed materials. 
In certain organic (e.g., PAH) and biological samples, this native fluorescence can be 
very strong. 

The fluorescence problem in these measurements manifests itself as a broad continuum 
in the Raman spectrum of many samples. With microsamples, there is not much that one can 
do to reduce the effect of fluorescence background to manageable levels, such as by sample 
"clean-up'"' as in macro-Raman work. However, sometimes the fluorescence background decays 
with time (by quenching processes) to the point at which a suitable signal-to-noise level 
is reached. In rare cases can one subtract the fluorescence background to obtain a re- 
liable Raman spectrum. 

In recent work we have more systematically examined the problem of sample fluorescence. 
As part of a broader study, the spectra of microsamples of a series of polynuclear aromatic 
hydrocarbons (PAHs) were obtained.*3 These polyaromatic ring systems represent a class of 
compounds known to be notorious fluorescers. The PAHs were measured as single micropar- 
ticles, generally of size 2-10 um, and include representative members of the 3-ring (e.g., 
phenanthrene) and 4-ring (e.g., chrysene, pyrene, fluoranthene) systems. The fluorescence 
levels were examined in the spectra excited at three laser frequencies: 514.5 nm (green), 
568.2 nm (yellow), and 647.1 nm (red). Two results from these studies are shown in Fig. 7. 
In general, excitation with 514.5nm radiation under the lowest practical irradiance condi- 
tions (typically 2 mW at sample in 20um beam spot), furnishes spectra characterized by 
high, broadband fluorescence background levels. In these situations, a useful spectrum 
cannot be obtained. Excitation at 568.2 nm results in spectra that have appreciably lower 
background levels, which indicates much diminished fluorescence emission at this wave- 
length. With 647.1nm excitation, the problems of fluorescence from these compounds are 
virtually nonexistent. 

The spectrum of the pyrene microcrystal shows a moderate fluorescence background with 
568.2nm excitation. This spectrum could not be obtained with 514.5nm excitation. The 
spectrum of the microcrystal of phenanthrene, excited at 647.1 nm, has excellent signal- 
to-background and shows no fluorescence. The micro-Raman spectra of these compounds are 
consistent with the spectra reported for macroscopic single crystal samples .2'+»25 


Low Stgnal Detectton 


Micro-Raman scattering is a weak process and frequently the signals are not suffi- 
ciently intense for the detection of major or minor species. Limiting the experimental 
enhancement of signals in normal (spontaneous) Raman scattering are the levels of irradi- 
ance that can safely be employed as well as the response (i.e., sensitivity) of the detec- 
tion devices that have come into use. Resonance Raman scattering*®--optimally realized 
with tunable lasers--which has not been explored for microsample analysis, may hold some 
promise for the detection of weakly scattering species or trace constituents. 

Monitoring of Raman scattering signals is by photoelectric detection with optimally 
cooled and shielded photomultiplier detectors (PMTs). These devices are still the detec- 
tors providing lowest noise (typically 1-3 cps in the photon counting mode) for very low 
light levels. However, important advantages in the detection of weak signals may be real- 
ized through the use of multichannel detectors (coupled to a spectrograph) which are com- 
posed of one or more optical image intensifiers and a two-dimensional transducer such as 
a vidicon or diode array.*’»%8 These TV-type detectors allow data acquisition times to be 
significantly reduced and permit the observation of many spectral lines (and spectral points) 
simultaneously. The most recent versions of these optical multichannel analyzer systems 
(OMAs) combine the multiplex advantage with signal-to-noise (S/N) ratios approaching those 
of photomultiplier tubes.*2 Moreover, these detectors can be gated to pulsed excitation 
sources, prospects that are extremely exciting. Pulsed laser excitation would allow dis- 
crimination of Raman scattering against undesirable effects with longer life and decay 
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FIG. 7.--Raman microprobe spectra of fluorescence sensitized polynuclear aromatic hydro- 
carbons (PAHs). (i) Pyrene (CigH19): particle size, 30 um; substrate, a-Al 02; laser, 
Ao = 568.2 nm; power, 4 mW (at sample); beam spot, about 18 um diameter; time constant, 
0.2 sec; scan rate, 200 cm-1/min. Bands marked S arise from fluorescence of substrate. 
(ii) Phenanthrene (C,H 19): particle size, 7 x 7 um; substrate LiF; laser, Ag = 647.1 nm; 
power, 20 mW (at sample); beam spot, about 16 um diameter; time constant, 1.0 sec; scan 
rate, 50 cm-!/min. Spectra recorded with slit width 3 cm-!, intensity 1000 counts full 
scale. 


times, such as fluorescence. Pulsed excitation with time-gated detection might also im- 
prove the peak-to-background (P/B) ratio of weak Raman spectra or of scattering spectra 
perturbed by either luminescence or fluorescence backgrounds. However, this approach has 
yet to be explored for microprobe work. 


Challenges and Prospects 


We have discussed real and potential limitations to the effective implementation of 
micro-Raman scattering experiments and have tried to indicate to what extent they can be 
overcome or minimized by appropriate experimental countermeasures. We have highlighted 
the areas in which major progress must be made to enhance the capabilities of micro-Raman 
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scattering experiments, notably detection limits (relative and ahsolute) for species dis- 
tributed homogeneously and heterogeneously, sample perturbation thresholds for laser- 
particle interactions, heat sinking efficiencies of substrate materials and particle em- 
bedding media, and advantages of pulsed lasers with gated detection. These and other, re- 
lated challenges are the ones worth pursuing. 
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THE DEVELOPMENT OF INSTRUMENTATION FOR MICROPARTICLE ANALYSIS BY RAMAN SPECTROSCOPY 
D. O. Landon | 


In this paper we present a brief history of the highways and byways taken in the de- 
velopment of instruments designed explicitly for the purpose of obtaining Raman spectra 
of microparticulates (defined as particles smaller than 10 um in diameter). The intro- 
duction of lasers as light sources for Raman spectroscopy! signalled the rebirth of that 
technique since the laser, in addition to being the long-hypothesized ideal light source 
for Raman spectroscopy, was also the ideal light source for illumination of microsamples. 

A laser beam exhibits a high degree of coherence and little divergence; it is almost 
perfectly collimated and can be easily focused to a diffraction-limited point?; that is, 
to a spot size limited by the wavelength and the optics used to focus the beam. Table I 
gives some idea of these dimensions when 514.5nm radiation is focused with typical micro- 
Scope objectives. The f number familiar to photographers is the focal length of the lens 
divided by its diameter. The numerical aperture (NA) is the microscopists' equivalent; 

NA = n sin 6, where n is the refractive index of the medium in which the lens operates 
(usually air) and @ is the half angle of convergence. 

It should be noted that the energy distribution in the spot is not uniform, but 
Gaussian. 

As stated, the potential of focused, intense monochromatic light beams for micro- 
analysis is obvious. Laser Raman spectroscopy began to appeal to analytical chemists, 
and this microsampling capability became feasible for microvolume analysis of both liquids 
and gases. 3> 

With hardly a pause, instrumentalists dreamed of new conquests, and proposals for mi- 
croparticle analyzers began to appear (circa 1969). The first instrument of this type was 
built in France, and similar developments occurred in the USA.°-!° Although we cannot 
give a comprehensive review of these efforts here, we can touch on enough points to de- 
fine the problem, present the current state of the art, and peer into the future. 

The constraints on a Raman system for microparticle analysis can be summed up simply. 
The problem is to obtain a Raman spectrum of a particle of microscopic dimensions in a 
reasonable time and with limited laser power. When we focus large optical powers into 
small spots, we are forced to consider power density and its effects on the Raman process. 
McQuillan et al. at the University of Toronto showed that intensity of spontaneous Raman 
emission from a solid sample increases linearly with aca | laser power up to a thresh- 
old above which stimulated Raman emission commences (Fig. 1).!1/ For a diamond crystal this 
threshold was measured at 1.1 x 109 W/cm? (laser irradiance), in excellent agreement with 
a calculated theoretical value of 1.2 x 109 W/cm?. Since diamond has a high scattering ef- 
ficiency, this value of approximately 10° W/cm? can be taken as a worst case; but if Raman 
spectra obeying the normal selection rules are to be observed, we must restrict laser power 
accordingly. 

A particle 0.5 wm in diameter covers an area approximately 2 x 10-9 cm*. If the laser 
power is kept to 108 W/cm* (to avoid stimulated scattering) the maximum laser power is ap- 
proximately 600 mW when focused with an NA = 1 lens. The Gaussian distribution of energy 
in the spot makes a further reduction in power advisable; a commonly accepted value is be- 
low 200 mW. 

All the above ignores any tendency for the sample to heat in the process of being il- 
luminated by the laser. These heating effects are explored by Bennet and Rosasco, !2 

In general, to avoid catastrophic sample heating, or even a temperature rise suffi- 
cient to cause a phase transformation, the microparticle must be in good thermal contact 
with a reasonably good thermal conductor. Sapphire (Al j03) is such a material; it has be- 
come customary to place isolated microparticles on a sapphire rod or disk. Even so, an 
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absorbing material with low thermal sta- 
bility can limit the incident optical pow 
er to a few milliwatts. (The previous 
discussions and those to come assume 

that the microparticle is spherical, 
homogeneous, and isotropic.) 

Finally, a word about the effi- 
ciency of Raman scattering. Scattering 
phenomena are inherently weak. Skinner 
and Nilsen!3 measured the Raman scatter- 
ing cross section of benzene, a rela- 
tively strong scatterer, at 1.05 x 10729 
cm* per molecule, per steradian, per 
wavenumber, per plane of polarization 
at 488 nm. 

For spherical microparticles, Raman 
Signals scale with the third power of 
the particle diameter and are thus pro- 
portional to sample volume. This ignores 
any resonances that occur in the scat- 
tering and absorption processes.‘!* 

Having described the constraints, 
we can calculate the time necessary to 
record a Raman spectrum of a micropar- 
ticle to any desired signal/noise ratio, 
assuming that the statistical noise 
(shot noise) in the signal is the pre- 
dominant noise source (as is essentially 
true). 

In the course of planning a micro- 
particle Raman system some years ago, 
some colleagues and I calculated that 
0,5 LO} 1.5 2.0 2.5 a 1.16ym-diameter sphere of benzene, il- 

. luminated by 25 mW of 514.5nm laser ra- 

LASER POWER (MW) diation, focused with an f 1 lens would 
generate 138 cps at the peak of the 
992cm>! Raman band when viewed with an 
optical system having a collection ge- 
ometry of f 1, a transmittance of ap- 
proximately 0.20, and a spectral band- 
with of 4 cm}, 

‘Microprobe measurements made on various types of solid particles at the National Bu- 
reau of Standards and at Instruments SA, Inc., give Raman signals in substantial agreement 
with this predicted level of signal intensity, when the obvious differences of Raman cross 
section and instrument geometry are factored in. Even if we assume that we wish to ob- 
serve only 0-2000 cm-! of the Raman spectrum, the implications are disturbing. To obtain 
a signal-to-noise ratio of approximately 30:1 in the most intense Raman bands, we must re- 
cord for approximately 10 sec per channel, or 2000 cm™!/4 cm7!) x 10 sec = 5 x 10° sec 
(about 80 min) when scanning with an ordinary high-performance Raman spectrometer, even 
under nearly ideal conditions with a good Raman scatterer of adequate size, capable of ac- 
cepting substantial laser power. Reduce this same particle to approximately 0.3 um diam- 
eter, and the signal will be only 1/64. It now requires nearly 4 days to obtain a Raman 
spectrum as before. 

These problems were well known to those designing microparticle Raman systems; as earl 
as a decade ago there were proposals to make suitable instruments. (Suitable meant a good 
multichannel Raman spectral recording system.) Fourier-transform infrared analyzers were 
bringing the advantages of simultaneous multichannel measurement into the analytical lab- 
oratory, and Raman spectroscopists desired nothing less. Theory and practice told us that 
to obtain such advantages in the UV-visible spectrum we could not use the nondispersive 
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FIG. 1.--Experimental curve of Raman Stokes 
power vs incident laser power for scattering 
from diamond crystal (after McQuillan et al.°). 
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(interferometric) system, but had to separate the wavelengths. Thus, before it was quite 
dead, the spectrograph was reinvented. 

Much recent work has been devoted to overcoming the limitations of the spectrograph 
as it applies to recording Raman spectra. The limitations of the classic photographic 
spectrograph are: 


1. Low quantum efficiency (q.e.) detection. Photographic emulsions have typically 
approximately 0.2% q.e. 

2. High stray light. Even with holographically recorded gratings, stray light levels 
of approximately 1078 are enough to obscure weak Raman radiation. 


The obvious antidote for a low-q.e. photographic emulsion is a modern high-efficiency 
electronic camera;!°5>!6 whereas the cure for stray laser photons is prefiltering of light. 
In all modern instruments that is done with gratings, and as we shall see it is best done 
not with two but with three gratings--hence the usual name "triple spectrograph".17»18 

To be quite accurate, a two-grating instrument ("double spectrograph") suffices if 
only a moderate range--approximately 100 cm™!--of Raman spectrum is needed. Several spe- 
cial instruments have been made; the I.S.A. MOLE® is a commercial instrument with this 
capability.!9 As we shall see, it has some features in common with those dictated by our 
needs, but diverges in that it is a general-purpose micro-Raman analyzer that is also ca- 
pable of presenting microscopic images of samples emitting over a bandwidth of only a few 
wavenumbers, so that various molecular species can be mapped. These double spectrographs 
have a multichannel advantage of only about 25x over simplex scanning instruments, which 
is significant but not sufficient for our particular needs. 

The techniques designers use to illuminate samples and collect scattered light have 
now reached a high state of development in these instruments. The problem of both illumi- 
nating the sample at large NA, and collecting the scattered light with equal or greater 
NA, means that the optics will mechanically interfere if conventional 90° scattering is 
attempted (Fig. 2). The solution to this problem is some form of coaxial optical system. 
These design approaches have been used in micro-Raman systems from the beginning.’ > 220 
One such design’incorporates a lens system for focusing the laser and a large portion of 


an ellipsoid of revolution for light collection (Fig. 3). 
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FIG. 2.--Incident and scattered light at FIG. 3.--Incident and scattered light with 
90°, with lenses of numerical aperture co-axial lens/mirror system. 
NA = 1. 


A most ingenious solution to the problem is found in the I[.S.A. MOLE.'? To illuminate 
and observe at equally large NAs, the same lens is used for both purposes and beam split- 
ters separate the incoming and outgoing radiations. A specifically designed research mi- 
croscope is used for this purpose in the instrument.*! This system solves most of the il- 
lumination and viewing problems of a microparticle Raman system very well at all but ex- 
tremely low light levels. Here the problem of using the same optical elements for both 
illuminating and viewing becomes evident. Even without any sample a small background sig- 
nal, consisting of diffuse fluorescence and Raman scatter from the lenses and beam split- 
ters themselves, is observed at all wavelengths. 

To overcome this problem, we explored the use of commercially available all-reflecting 
objectives. The results were so encouraging that a special unit is now being fabricated. 2? 
Its primary (concave) element is a rather large hemispherical piece with a diameter of ap- 
proximately 80 mm (Fig. 4). 
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FIG, 4.~--Incident and scattered light in monocentric reflecting microscope objective 
with coaxial lens. 


The central obscuration always present in coaxial designs is used to introduce the 
laser beam to the system and focus it at the sample by means of a small lens. The lens 
is limited to NA = 0.25 (f 2), but that only limits power density at the sample, which is 
already limited by other sample-dependent factors to values lower than those readily ob- 
tainable from commercial lasers. The illuminating and viewing optics are totally isolate 
and should introduce no background Raman signal. This configuration resembles the origin 
elliptical mirror design (Fig. 3) but it is compatible with microscope stands, and the op 
tical quality of these monocentric mirror objectives allows good images to be viewed with 
standard microscope optics. 

This illuminating and viewing system is being combined with a small commercial triple 
spectrograph (Model DL-203, Instruments S.A., Inc.); its optical scheme is shown in Fig. 
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FIG. 5.--Optical schematic of Raman triple spectrograph system. 


It was designed to work with commercially available electronic cameras. In general, thes 
cameras limit the user to approximately 25 mm of spectrum in a single strip approximately 
3 mm in height and resolve the field up to a maximum of 1728 channels. A unique feature 
of this triple spectrograph is its turret of three lenses. Classic Hilger and Watts Rama 
spectrographs--vintage 1958--offered the user several lenses from f 6.8 to £ 2.5 to photo 
graph the Raman spectrum. 

Electronic cameras also respond to brightness in the image plane, and one can to some 
extent trade resolution for speed. Table 2 gives a comparison of spectral coverage and 
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TABLE 1.--Optical properties of microscope lenses used to focus laser beam. Diffraction- 
limited spot size for focused laser, D = 2.44\f/d; where \ = wavelength, f = focal length, 
d = beam diameter. 


Diffraction-limited 


F number spot for 514.5 nm (um) 


TABLE 2.--LensEs in DL-203 triple Raman spectograph: Spectral coverage and recording time. 


| Spectrum interval, Relative 


F number 12.5mm field (cm™!)| recording time 


recording time for the three lenses in the instrument. 

The instrument described here as the triple spectrograph has been with us for about a 
year and has been reasonably well tested. It does what it is supposed to, and is quite 
compact. It is optically somewhat slower than large Im- focal length monochromators when 
both are used as monochannel scanning instruments. It equals any larger instrument in 
speed (the time needed to record a spectrum) once approximately. 300 wavenumbers are re- 
corded. When used as intended, to record between 900 cm7! and 3400 cm7! of a Raman spec- 
trum, it is 10 to 100 times faster than a scanning spectrometer. 

Even this limitation can yield to advanced electronic cameras and computer technology. 
Without going into the calculation, we can present that an optimum system for multichannel 
Raman spectroscopy would disperse the spectrum not over 25 mm, but over approximately 
250 mm. A diode array of this size is not envisionable, even when segmented. However, 
there is another way to segment a spectrum. Using the phenomenon of ordered dispersion 
by a diffraction grating, one can present twenty-five vertically stacked overlapping seg- 
ments, each approximately 10 mm long, to an electronic camera of rectangular aperture. 

This idea was proposed independently by Tomas Hirschfeld and myself about ten years 
ago. Years later, a successful version for atomic emission was completed at the Bell 
Laboratories by D. Wood.23 A Raman version is still a possibility. As we say, it is only 
a small matter of programming to read and output the data. 
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INELASTIC LIGHT SCATTERING FROM A DISTRIBUTION OF MICROPARTICLES 
R. E. Benner, Ralf Dornhaus, M. B. Long, and R. K. Chang 


Molecular species contained within the bulk of microparticles (diameters 0.1-10 um) can 
be identified by inelastic light scattering (fluorescence and Raman) if the product of the 
particle absorption coefficient and diameter is less than unity at both the incident and 
scattered wavelengths. The size, shape, and refractive index of the particles do not alter 
the wavelength dependence of their inelastic. emission? but can greatly influence the inelas- 
tic scattering intensity. Two independent experiments?+? and one recent calculation’ >> 
seem to indicate that the effective Raman cross sections for molecules embedded in aerosol 
particles can increase by as much as a factor ten. However, the combination of small Raman 
cross sections (about 10 °° cm?/sr for most molecules) and low aerosol particle densities 
results in an extremely weak Raman signal. Furthermore, the amount of incident laser power 
that can be used to increase the Raman intensity is limited by the optical absorption of the 
particle, which leads to laser-induced heating. To minimize particle heating effects, Raman 
spectra can be collected from a distribution of particles flowing past the laser focal vol- 
ume, or by illumination of particles placed on a substrate that serves as a heat sink. In 
this paper we present preliminary results on (1) a high-sensitivity laser-Raman spectro- 
graph with a vidicon camera to monitor the inelastic radiation from aerosols flowing past 
the laser focal volume, and (2) internal reflection techniques to enhance the inelastic 
scattering from particles placed on a substrate. 


Raman Detectton of Flowing Aerosols 


An optical multichannel analyzer (OMA) is formed by the positioning of a low-light- 
level vidicon camera at the focal plane of a spectograph. Compared with the conventional 
single-channel scheme, consisting of a scanning spectrometer and photomultiplier, the OMA 
has the following advantages: (1) data acquisition time is reduced in proportion to the 
number of wavelength-resolved intervals simultaneously detected by the OMA (approximately 
500 for our system); (2) photocathode dark counts are distributed over the 500 wavelength 
intervals, which for the OMA with an S-20 photocathode of 12.5mm diameter and 200 counts/ 
sec corresponds to 0.4 counts/sec for each interval (compared to a GaAs photomultiplier 
having 2-5 counts/sec for each wavelength interval); and (3) short- and long-term stability 
requirements for the entire laser-~Raman system are greatly relaxed if the complete Raman 
spectrum is detected simultaneously, since optical alignment and laser intensity fluctua- 
tions do not give rise to spurious peaks in the observed data. 

In the laser-Raman system (Fig. 1), an argon ion laser beam (1 W.cw) is deflected by 
mirror M, and focused by lens Lj into a multipass cell consisting of spherical mirrors M3, 
M,, and Ms. Aerosols are introduced near the foci of the multipass cell, which gives a 
gain of 92 over a single-pass configuration. The Raman radiation is collected by camera 
lens Ly, passed through interference filter IF (which rejects the elastically scattered 
laser light), and finally focused by lens L3 onto the horizontal entrance slit of a single 
concave holographic grating spectrograph (1m focal length, 2000 grooves/mm). The wave- 
length-dispersed spectrum (about. 500cm~! range) is deflected by mirrors Mg and M7 and fo- 
cused onto the cooled (-50°C) SIT vidicon camera face (12.5mm diameter). Should single- 
channel detection be desired, mirror Mg and lens Ly can be moved to image the spectrometer 
exit slit onto the photomultiplier. Advance to the next wavelength range is controlled by 
an LSI/11 microprocessor, which increments a stepping motor that tilts the grating gimbal 


The authors are with the Department of Engineering and Applied Science, Yale University, 
New Haven, CT 06520. The partial support of this work by the Army Research Office (Grant 


DAAG29-79-G-0008), the National Science Foundation (Grant ENG77-07157), and the Northeast 
Utilities Service Company is gratefully noted. 
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FIG. 1.--Schematic of laser-Raman scattering spectrometer/spectrograph used for detectior 
of molecular species in gases and aerosols flowing past laser focal volume. Conversion 
from conventional spectrometer to SIT vidicon spectrograph is accomplished by insertion 
of single mirror Mg (removable). The Raman signal is enhanced by multipass optical as- 
sembly. 


mount. Although the throughput of this single-grating spectograph is about twice that o: 
a double monochromator, its elastic light rejection is not adequate to suppress Mie scat- 
tering from particles. Interference filter IF (long-wavelength-pass type} increases the 
rejection (10-7) afforded by the grating by an additional 107?-10-'. 

One obtains optimum signal-to-noise ratio with OMA detection by (1) allowing photo- 
electrons to integrate (up to several hours if necessary) on the target of the cooled SI 
camera without scanning the read beam, (2) shutting off the read beam filament, which ger 
rates noise at the photocathode, until 30 sec before the data stored on the target is to 
read, and (3) scanning the target multiple times to insure that all the stored data are - 
moved. Summing photoelectrons on the target is vastly superior to digital accumulation | 
the signal in the computer memory since with the former method electronic noise from the 
read beam is not added to the data. Vidicon scan format, activation of the read beam fi 
ment, and data storage are all controlled by the microprocessor. 

A calibration gas of 800 ppb of SO» in laboratory air was used to compare the sensit: 
ity of the OMA to that of the single-channel configuration. The OMA spectrum of SOp (Fi. 
2) was found to have a significantly better signal-to-noise ratio than that obtained witl 
single-channel detection. The structure to the right of the 115lcm~! SO» peak is the ro 
tational wing of the ambient CO, vibrational line. OMA spectra of a laboratory~generate: 
(NH, ) 250, aerosol and of (NH, } 2504 dissolved in water (1.0 M) are compared in Fig. 3. T 
Raman shifts of SO, (981 cm-*) in both aerosol and in liquid solution could be measured, 
but an exact calculation of the SO4 concentration in the aerosol was not possible from t 
Raman data because the particle size, shape, and refractive index influence the effectiv 
Raman cross section. Based on previous results,* the SO{ aerosol concentration was ap- 
proximately 8 ppm. The broad background associated with the aerosol spectrum is caused | 
fluorescence emanating from the (NHi,).S0, droplets, as well as from the multipass optica 
Celt: 

Two methods remain for improving the sensitivity of the Raman spectrograph. The fir 
is by a deconvolution of the noisy spectra from minor species with their Raman spectra m 
sured at high concentrations. Second, the argon laser could be replaced by a pulsed sou 
such as a frequency-doubled Nd:YAG laser (530.2nm wavelength, i5nsec pulse duration, 200 
mJ/pulse, and 10 pulses/sec). Advantages of a Nd:YAG laser include both higher average 
power than our present IW cw argon laser and low duty cycle (10-©). Since the SIT vidic 
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with SIT vidicon spectrograph of 800 ppb of _ (NH) 2S0, aerosol (top) and of (NHy)2SO, dis- 
SOp gas (Av = 1151 cm7!) mixed with ambient solved in water (bottom). Peaks corresponding 
air. Sloping background results from rota- to SO} (981 cm™!) are observed in both spectra. 
tional wing of vibrational line of ambient 

CO, at 1286 cm™! 


can be electronically gated to accept data during 100nsec intervals, the low duty cycle can 
be exploited to reduce dark counts and detection of fluorescence emission with a lifetime 
longer than 100 nsec can be eliminated. 


Enhanced Scattering by Use of the Substrate 


When the Raman microprobe approach is used to investigate particulate systems, it is 
often necessary to position the particles on a substrate with a high thermal conductivity 
in order to dissipate heat generated by particle absorption at the laser wavelength. This 
laser-induced heating limitation can be reduced by illumination of a single layer of par- 
ticles tightly packed on a substrate rather than just a single particle. However, for 
this multiple-particle geometry the available laser power can limit the particle excita- 
tion intensity. Furthermore, a portion of the incident radiation is wasted since it falls 
in the void regions between particles, To overcome the corresponding decreases in Raman 
intensity, the optical properties of the substrate can be utilized to increase inelastic 
scattering signal-to-noise ratios. For example, enhancement of the laser intensity within 
the particulate layer can be achieved if the laser beam is directed through the substrate 
before it impinges on the sample layer. The incident angle 9; with respect to the normal 
of the substrate-particle interface should be greater than the critical angle® (6; > Oc; 
total internal reflection condition). An even larger enhancement of the laser intensity 
within the particles can be obtained if the laser beam is directed through a substrate 
that is coated with a thin (5004) silver film. For this configuration, 6; must be adjusted 
so as to excite a surface plasmon’ within the silver film (6; = 95, surface plasmon reso- 
nance condition). To improve coupling of the enhanced electric field associated with the 
surface plasmon excitation to the particles, one should make the sample layer spatially 
homogeneous by coating the particles with a thin film of refractive-index-matching liquid, 
which can also serve to increase the heat conduction rate. The electromagnetic wave above 
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the substrate for 0; > 9¢ and for 0; = 6, is an evanescent wave (exponentially decaying 
with distance from the interface) and the electric-field intensity within the particles 
is larger than that of the incident wave by an amount given by the Fresnel transmission 
factors.77? 

The resultant Raman or fluorescence radiation can be collected on the air side of the 
substrate-particle interface or through the substrate. On the air side, the radiation pat 
tern is essentially isotropic and conventional large-solid-angle collection of the Raman 
radiation is appropriate. However, the radiation pattern passing through the substrate 
(prism) is not isotropic. We have investigated the angular profile of inelastic emission 
emerging from a hemi-cylindrical SrTi03 prism (Fig. 4) which was coated with a 500A film 
of silver on the top half and not coated on the bottom half. As a function of observatior 
angle 6., the fluorescence intensity emanating from dye molecules embedded in a uniformly 
coated samplefilm is shown in Fig. 5 for 6; = 6,. With the unsilvered half of the prism 
illuminated, the fluorescence from the dye sample is observed to peak at an angle equal t 
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figuration used to observe angular distribu- intensity emanating from dye molecules em- 
tion of inelastic emission from particulate bedded in uniformly coated sample film for 
layers. Fluorescence emission was observed 03 = 8p (geometry of Fig. 4). With bottom 
through curved surface with 0.3° angular res- half of prism illuminated, fluorescence pea 
olution. Bottom half of prism has no silver at Ocf. With top half illuminated, fluores 
film; upper half is coated with 500 A of sil- cence emission is confined to narrow region 
ver. Sample film consisted of either dye centered at Opf. 

fluid or dye-containing particles. 


the critical angle Cor for light of the fluorescence wavelength incident on the interface 
from the prism side.° Upon illumination of the Silvered half of the prism, the fluoresce 
is noted to be confined to a narrow angular region (less than the instrumental spatial re 
lution, which was 0.3°) centered at 6, = Sn¢, where 6,¢ is the plasmon angle for light of 
the fluorescence wavelength incident on the silver-sample interface from the prism side.? 
The total enhancement of the inelastic intensity with 64 = 6, and 6, = S9y¢ for the total- 
reflection case and with 6; = 6, and 99 = 9 ¢ for the surface plasmon resonance configura 
tion can be expressed as the product of Fresnel transmission factors for the incident and 
scattered waves. Thus far, we have experimentally observed enhancement factors of 5 for 
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the total-reflection case and 350 for the surface plasmon case relative to a transmission 
geometry of @; = Q and 95 = Ou¢. 

Collection of the Raman radiation emerging from particulates from the prism side of the 
interface has several potential advantages. Since the emission solid angle is very small 
for the surface plasmon case, one can spatially reject fluorescence generated along the 
laser track within the substrate by using a small collection solid angle and still collect 
nearly all the emitted radiation. Furthermore, since at 6; = 6) the reflected beam has a 
minimum in its intensity and is spatially separated from the inelastic emission peak be- 
cause of refractive-index dispersion, much of the elastic scattering can be suppressed. 
However, the relative merits of both collection on the air side of the substrate with large 
solid angle and of collection on the substrate side with narrow solid angle, as well as the 
maximum attainable enhancement, require further investigation. 


Coneluston 


Although the size, shape, and refractive index of aerosol particles do not alter Raman 
shifts, previous results indicate that the effective Raman cross sections for molecules em- 
bedded in aerosol particles can increase by as much as a factor of ten. This increase, 
along with the sensitivity and data-taking speed of the OMA, may facilitate the chemical 
speciation of flowing aerosols by Raman spectroscopy. In addition, the sensitivity of the 
Raman technique for investigating a distribution of microparticles packed as a monolayer on 
a substrate should be improved by use of the surface plasmon resonance geometry. 
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DESIGN CONSIDERATIONS IN A MICRORAMAN SPECTROMETER 


Tomas Hirschfeld 


For a micro Raman spectrometer to detect submicron objects, extreme sensitivities are 
necessary. To achieve them the following must be done. 


1. A high energy density must be delivered into the sample, and the sample made to 
survive it. For particulate samples, extremely good thermal sinking to a cryogenic hold- 
er is the optimum procedure; on large samples, spatially multiplexed scanned illumination 
can substantially reduce the thermal stress. The steep wavelength dependence of multi- 
photon damage mechanisms makes wavelength choice more erucial than is usual in Raman 
spectroscopy. 

2. To observe effectively only the sample, diffraction-limited illumination and ob- 
servation are both desirable, which requires repeated spatial filtering and control of 
thermal lensing. Vertical-axis resolution can be obtained by focal isolation at high 
numerical apertures by means of appropriate correction algorithms. At least four mono- 
chromators are needed to get rid of the stray light and plasma line background, some of 
which may be virtual. 

3. Adequate sensitivity requires not only multiple detection but also that each ele- 
ment of the multiple detector be made equivalent to a quantum counting photomultiplier. 
Random-addressed multiplex detectors with a selective integration program allow detective 
quantum efficiencies approaching that of the cathode. Other data-handling tricks then 
provide a normalized, corrected Raman spectrum for even very small scatterers. 


The author is at the University of California's Lawrence Livermore Laboratory. This 
work was performed at Block Engineering, Framingham, Mass, 
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Quantitative X-ray Microanalysis 


PROSPECTS FOR IMPROVED CORRECTION PROCEDURES IN EPMA 
G. Love and V. D. Scott 


Introductton 


In the last decade the ZAF correction procedures employed in electron-probe micro- 
analysis have remained substantially unchanged. The constituent elements of the correc- 
tion models have usually been based on the following: 


a. atomic number correction of Duncumb and Reed! or Philibert and Tixier? . 

b. absorption correction of Philibert3 incorporating values for o and h suggested 
by Heinrich* 

c. characteristic fluorescence correction of Reed® 

d. continuous fluorescence correction of Henoc® or Springer® 


Since these corrections were formulated, the quality of microanalysis instrumentation 
has improved; in particular higher x-ray take-off angles, better analyzing crystals and 
detectors, greater specimen current stability, and fully automated data-acquisition meth- 
ods have ali led to increased precision of measurement. Furthermore, light-element (Z < 11) 
analysis has now become routine and, with the advent of solid-state x-ray detectors, in- 
clined-specimen geometry is now frequently adopted. To exploit the improved instrumenta- 
tion, new correction models must be more accurate and more flexible than the established 
theories. The present paper reviews three recent correction methods and assesses their 
capabilities. 

Although it may be possible to criticize a particular model on theoretical grounds, 
the only real test is its ability to correct microanalysis measurements. For this pur- 
pose 430 microanalysis results have been collated,®’? together with some oxygen analysis 
in oxides.!9 We focus here on the atomic-number and absorption-correction factors, since 
they usually constitute the largest error in corrected data. The following models are 
assessed. 


a. Anderson-Wittry,!! which incorporate the analytical expression of Rao-Sahib and 
Wittry!2 

b. Ruste-Zeller!3 

c. Love-Scott!* 


In addition, data obtained by an established method are used for comparison. 
The constituent elements of each model are tabulated below; the numbers included in 
the tabulation correspond to the list of references at the end of this paper. 


TABLE 1 


Char. fluor. Cont. fluor. 


At. No. Absorption 
Model | correction | correction correction 
Established method 7 
Anderson-Wittry 7 
Ruste-Zeller vi 
Love-Scott 7 


The authors are at the School of Materials Science of the University of Bath in 
England. 


197 


Correetton Models 


Anderson-Wittry. In this method the absorption factor f(x) ts represented as a func- 


tion of the product of x = (u/p) cosec 6 and an effective mean depth of x-ray generation 
oz*,. In order to obtain an expression for the mean depth §Z, the electron range pSy was 
first calculated by integration of Bethe's formula,!° since it was expected that pz 

and pS_would be related. Plots of pz determined from Monte Carlo methods?® versus pS, 
confirmed that such a relationship existed. Furthermore, the authors were able to demon- 
strate that for a fixed value of f(x), graphs of x versus a modified mean depth pz* gave 

a series of straight lines; these lines fitted experimentally determined values!7?!18 of 
f(x) very well, provided f{x) > 0.5. Finally, a ‘universal curve' was produced from which 
the appropriate value of f{x) could be read when the product of x and pz* had been cal- 
culated. The method is thus a graphical one,which is probably why it has not been widely 
used. Recently Rao-Sahib and Wittry have represented f{y) as a polynomial in ypz* so that 
f(x) values can be computed directly.!2 


Ruste-Zeller. The Ruste-Zeller method! is essentially an absorption correction 
(Table 1) and is based on the approach of Philibert.? The absorption factor f(x) is given 
by 


o(ojh x 
hE oe © 


QQ+ 20+ 73.4) 


where the terms ¢(0), x, o, and h have their usual meanings. Ruste and Zeller have ex- 
amined experimental data on the attenuation of electrons in solids!? and have shown that 
the Lenard coefficient o depends on atomic number. In electron-probe microanalysis o is 
written as G,/-(ER - ae where Ey and E, are the incident electron energy and the critical 
ionization potential, respectively. Ruste and Zeller have arbitrarily chosen to represent 
both o, and n in the general form A = A, + a exp(- bZ°), which means that Og and n tend 
towards the values given by Heinrich for elements of high atomic number. The formula 

for h proposed by Ruste and Zeller also gives results very similar to Heinrich's values 
for elements of atomic number above 24. A feature of the Ruste-Zeller method is that al- 
though o, n, and h all depend on atomic number, only h is averaged for a multicomponent 
specimen; o and n have the appropriate values for the element and radiation being measured. 


f(x) = 


Love-Seott. This method incorporates new atomic-number and absorption corrections. 
The atomic-number correction employs an empirical electron energy loss expression?" that 
should be more accurate than the Bethe equation in the region where the electron energy 
approaches the mean ionization potential J. In addition, backscatter factors may be com- 
puted for any electron energy or specimen tilt angle. 

The absorption correction is based on the 'square' model of Bishop,?! in which the 
x-ray depth distribution is approximated to a rectangle. In these circumstances f(x) is 
represented by 


_ 1 - exp(- 2xpz 
rege p(- 2xez) 
2xpz 
The mean depth of x-ray generation oz has been determined by means of Monte Carlo calcu- 


lations?* and an analytical expression has been deduced in which oz is expressed in terms 
of the electron range, the backscatter coefficient, and overvoltage EO/EQ: 


Assessment of Models 


Results of applying the correction models to the 430 microanalysis measurements men- 
tioned prev tous ly. are shown in Table 2. In all cases Heinrich's mass absorption coeffi- 
cients?* have been employed. The Love-Scott model is clearly superior to the other meth- 
ods, both in terms of the RMS error and in the number of results lying within 2.5% of 
the true value. A problem with the Anderson and Wittry approach ‘is that it is limited 
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TABLE 2 


| % of results within | 
2.5% of true conc. 


“Ge 


6 of results within 
7.5% of true conc. 


| RMS 
| Error % 


Established method 


Anderson-Wittry* 87 
Ruste-Zeller 69 
Love-Scott 87 


ne EE 


*In this model four of the microanalysis measurements had xoz* values outside the 
limits permitted by Rao-Sahib and Wittry and were therefore excluded from the assessment. 


to f(x) > 0.06 and gives highly inaccurate results for lower values. The Ruste-Zeller 
method, which was developed especially for light-element microanalysis, does not work par- 
ticularly well for heavier elements; nor did the original full Philibert model,® because 
the peak in the x-ray depth distribution was both too high and too close to the specimen 
surface. Ruste and Zeller's revised values for o,, n, and h do not appear to have sub- 
stantially improved matters. 

Results of applying the corrections to oxide systems (94 measurements) are illustrated 
in Table 3; oxygen mass absorption coefficients of Love, Cox, and Scott!® have been used 
here. 


oO? 


TABLE 3 
RMS | % of results within : % of results within 
| Model | Error % | 2.5% of true conc. | 7/5% of true conc. 
Established method | 14 24 : 50 
Anderson-Wittry* | 14.4 21 : 49 
Ruste-Zeller 9.2 22 57 
Love-Scott_ 2.60 ____ 38 82 


*Only 70 results could be analyzed for the reasons stated previously. 


Again the Love-Scott model appears to correct the microanalysis results better than 
the other methods, although the Ruste-Zeller approach seems worthy of further study. 


ConeLlustons 


From an evaluation of three new correction procedures applied to both heavy and light 
element systems it is clear that the Love-Scott model is superior to both the Anderson- 
Wittry and the Ruste-Zeller methods. However, the last model merits additional study in 
connection with light-element analysis; further work will involve the detailed investiga- 
tion of a wider range of light-element systems and conditions. 

Further work will also include the treatment of tilted-specimen geometry, so that 
correction procedures can be extended to include this factor. Inspection of the proposed 
models indicates that such extension can be most readily accomplished for the Love-Scott 
model and has, in fact, already been achieved for the atomic number component;2° the ab- 
sorption term merely requires pz to be related to the tilt angle. In contrast, it is dif- 
ficult to see how the approach of Ruste and Zeller could be easily adjusted to take into 
account inclined-specimen geometry, since three factors (oJ, n, and h) may all require al- 
teration. Finally, although in principle the Anderson-Wittry absorption correction might 
be extended, since f(x) is related to the product of x and pz*, in view of the limitations 
of the model this extension would not appear to be a profitable exercise. 
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THE EFFECT OF THE CRITICAL EXCITATION POTENTIAL ON THE X-RAY ABSORPTION IN ELECTRON 
PROBE MICROANALYSIS 


Kurt F. J. Heinrich and Robert L. Myklebust 


The distribution in depth of electron-excited x-ray photon generation is a function 
of the critical excitation potential of the x-ray line. The available models for absorp- 
tion factors for primary x rays contain a term which aims to express this effect. Monte 
Carlo calculations at the National Bureau of Standards, as well as the critical study of 
experimental information obtained by other investigators, indicate that these algorithms 
for the absorption correction do not accurately describe the critical excitation poten- 
tial effect. 

The distribution in depth of the sites of primary x-ray generation in a target bom- 
barded by electrons depends on the energy of the penetrating electrons. This energy de- 
creases in a quasi-continuous fashion as the electron travels within the target. When the 
energy drops below that which corresponds to the critical excitation potential q for a 
given orbital level, this level cannot be ionized, and hence the corresponding x-ray lines 
cannot be emitted. Hence, the mean depth of x-ray generation decreases with increasing 
critical excitation potential EQ: 


Avatlable Modets 
Philibert's equation! for the x-ray absorption correction is 
tis %) (1 + sy X) 
f : (1 "oO ) 1+ Tshs (1) 


in which x is equal to u cosec yp, where y is the x-ray emergence angle and u the corres- 
ponding mass absorption coefficient. The parameter o depends on the initial energy of 
the electron at the start of the target penetration. The dependence of o on E, was later 
i ; 2 qd 
introduced by Duncumb and Shields: 


o = 2.39 x 10°/(Eg!:> - Eq’ *°) (2) 


In Philibert's equation with Duncumb's o, f, converges to one as Eg approaches Eg. 
This result is expected since in the limiting case (Eg = Eg) the depth of penetration of 
the electrons is zero; and therefore, the emerging x rays are not attenuated. Heinrich? 
has proposed changing of the constants in Eq. (1) to 


G-= 425 *: 1077 (Eg>28? = Ee?) (3) 


and this expression, in conjunction with Eq. (2), is widely used in data-evaluation pro- 
cedures for electron probe analysis. A similar but simpler expression was later proposed 
by Heinrich and Yakowitz:* 


f= (1+ 1.2% 10 Pye (4) 
In this equation, y is defined as follows: 


The authors are with the Center for Analytical Chemistry, National Bureau of Stan- 
dards, Washington, D.C. 
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Y= E,! +65 2 Rf 4585 (5) 


In Eq, (4), the effect of target composition on the absorption factor is neglected. 
A somewhat different approach was proposed by Theisen,° who defines the energy-dispersive 
parameter o as follows: 


n 
Ge LEQ «BE ) (6) 
4 
This algorithm also leads to the appropriate limiting values for Eg = E, and for 
E, = 9, but it fits poorly the available experimental information on the absorption cor- 
rection. 


Vertftceation of the Energy-dependent Parameter 


Although Eqs. (2), (3), and (5) all lead to the correct limiting conditions, there 
seems to be no theoretical justification for any one of them. Under practical conditions 
of analysis, the more significant energy term is Eg. The power 1.65 has been justified 
in Heinrich's studies? of experimental results by Henoc and Castaing,® in which the dis- 
tribution in depth of the generation of Mg Ka in Al was investigated. In this case, the 
effect of the critical excitation potential is small and can be neglected. With a higher 
excitation potential, such as in the excitation of Cu Ka in aluminum, the effect of Fg on 
the value of y increases; at the same time, however, the attenuation of x rays decreases 
because the absorption coefficients for high-energy x rays are, in general, low. It is 
for this reason that the models for the energy dependence of f, were never critically 
tested for the effect of variations in E,. However, the experimental results on depth 
distribution in aluminum with a Cu Ka tracer’ provide information of interest in this 
respect, If the numerical constants in Eqs. (3) and (4) are fitted to the results with 
the magnesium tracer, a poor fit for the values of f, with the copper tracer is obtained, 
and vice versa. If this discrepancy is real, it mast be due to a failure of the model 
for the effect of E 

We have casereed in Eq. (4) the values of fp obtained in the Monte Carlo calculations 
(Table 1), and then solved the equation for y. The values so obtained were divided by 


TABLE 1,--Conditions used in Monte Carlo calculations; Eg = 29 kV, x = 1000. Mean ioni- 
zation potentials from Berger and Seltzer.® 


Matrix Al Cu Au 

lines Mg Ka CuKka AuLa 
Aika Mg Ka Mg Ka, 
Caka Caka Caka 
Mnka Mnka Muka 
Z4ZnKka Z2nKa ZNnKa 
BiLa BiLa Bila 
ZrKa ZrkKa ZrKa 


the postulated value of y, according to Eq. (5). The ratios r, are a correction factor to 
be applied to the numerical constant in Eq. (4); they are shown as a function of Eq and 

of the target material in Fig. 1. The Monte Carlo value for y is seen to vary with re- 
spect to that defined from Eq. (5) as a function of both matrix and critical excitation 
energy. These results suggest that an accurate matrix-dependence model can be established 
on the basis of the Monte Carlo calculations, and also that the conventional model for dep 
dence of fy on E, will have to be modified. Similarly, the failure of this model is il- 
lustrated in Fig. 2 on the basis of the tracer experiments cited previously. In this 
graph, we plot the value of the parameter [(1/fp ) - 1]/x as a function of x, as explained 
in Ref. 4. In such a graph, the general forms Of Eqs. (1) and (4) produces a straight 
line, the slope of which depends on the term quadratic in x in these equations. The in- 
tercept of this line at the value x = 0 depends on the constants in Eqs. (3) or (4). It 
is impossible to choose the value of these constants so as to satisfy the experimental 
values with both Mg Ka and Cu Ka tracers. Hence, the failure of the model for the effect 
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of EG can also be demonstrated by means of these experimental tracer results. 


FIG. 1.--Correction factor r., as 
function of critical excitation 
energy Eg and of target composition. 
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DETERMINATION OF X-RAY WDS EFFICIENCY FOR ABSOLUTE AND RELATIVE INTENSITY MEASUREMENTS 
R. B. Bolon, M. D. McConnell, and M. E. Gill 


Introduetton 


Background. Relative x-ray line intensities are used in secondary fluorescence correc- 
tions and spectral deconvolution procedures in both electron ME ErOpLODe analysis (EMA) and 
x-ray emission spectroscopy (XES). Unfortunately, existing tables* list relative values 
based on observed intensities measured with wavelength-dispersive spectrometers (WDS) and 
do not take into account differences in self-absorption and spectrometer efficiency for 
the various wavelengths. These problems tend to be more serious for L lines than for K 
lines because the former involve electron transitions to three energy levels, as opposed 
to one, and span a much wider range of 20 values. 

Although a correction for self-absorption can be directly calculated, the total effi- 
ciency of a given crystal spectrometer cannot. Factors such as solid angle subtended, 
mechanical alignment, crystal perfection, diffraction efficiency, window absorption, and 
detector efficiency are difficult if not impossible to determine. 

An alternate approach is to use energy-dispersive methods. Green* used a proportional 
counter to measure the absolute yield of the integrated emission series for several pure 
elements. Although the efficiency of the proportional counter can be adequately calculat- 
ed, its poor resolution (> 20%) precluded separation of the individual lines and hindered 
subtraction of the continuum background. More recently, Lifshin et al.3°* used a Li drift- 
ed silicon energy-dispersive spectrometer (EDS) to measure the integrated K series abso- 
lute yields for a number of pure elements. In that study, corrections were made for back- 
ground, self-absorption, detector acceptance angle, and absorption by the Be window, Au 
contact layer, and Si dead layer. Unfortunately, this approach could not be extended to 
the L series because the detector resolution (< 2.6%) was still inadequate for resolving 
the individual lines for assignment to the appropriate L energy level. 


Current Study. This paper describes a method in which the K series absolute yields" 
were used to determine a calibrdtion curve that describes the overall efficiency of a crys- 
tal spectrometer as a function of its position. In this manner, it was possible to employ 
the same spectrometer, with its high resolving power (about 0.2%), to determine the abso- 
lute yields for individual L series lines. These yields were then used to obtain relative 
line intensities by division of the appropriate values; for example, as in this study, by 
the yield of the La, line. 


Theory 


The absolute yield of a line or series of lines is defined as the average number of 
x rays generated per incident electron per unit solid angle in a flat polished sample with 
normal electron beam incidence. Thus 


MA) SOY card tg (1) 


where Y/4m is the yield, I',,, the generated characteristic intensity in counts per second 
per steradian, and Ig the beam current in electrons per second. Of the x rays oriented to- 
wards the spectrometer, only a fraction are emitted or escape the sample, as defined by 


A mee re T" genf (x) (2) 


The authors are at the General Electric Co. (Corporate Research and Development), 
Schenectady, NY 12301. 
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where f(x) is the correction for self-absorption, If the spectrometer efficiency is then 
defined as 


se Tneas/!' emit (3) 


where Imeas is the measured intensity in counts per second, it is possible to write 


Tel /LY/4m) inf) ] (4) 


meas 


In this manner, all the factors that affect the efficiency of the spectrometer are account- 
ed for by the single parameter T, which is a function of wavelength and crystal position. 

The individual factors on the right of Eq. (4) can either be measured or calculated. 
For example, the K series yields can be obtained from 


25 
Y/4n = (-3.704 x 1075 + 4.085 x 1076Z) (Up - 1) (1-30441.431x10 “Z) (5) 


which is the result of a least-squares fit to experimental data.* In this expression Z is 
the atomic number and Ug the overvoltage ratio obtained when the beam voltage is divided 
by the excitation potential. Since these data represent the combined Ka;,9 andK8 lines, 
the resulting values were multiplied by 0.5882--the nominal fractional contribution of the 
Ka, line to the series. 

The eneeepEsen correction f(x) was calculated according to the expression proposed by 
Heinrich, 


f(x) = [1+3.x 1076 (E,!-&5 ~ EL-65), 4-1 (6) 


where Eg is the beam energy in kV, E the energy of the line, and xy the mass absorption 
coefficient” times the cosecant of the spectrometer take-off angle. 

Two assumptions were necessary for this study: first, that the spectrometer efficiency 
changed in a smooth continuous fashion, and could be adequately described by the points 
obtained from the pure elements whose ka lines were measurable; and second, that the effi- 
ciency was constant over the short range containing the Ka, and aj lines. The latter as- 
sumption was used in the development of a simple method for deconvoluting overlap. 


Expertmental 


Instrumentation. For the purposes of this investigation, a quartz 1011 crystal on a 
Cameca Model MS46 electron microprobe was selected for calibration. This choice was based 
on its relatively high resolving power, reflectivity, and wavelength range; the last en- 
compassed the Ka lines of Ca(20) through Ge(32). Figure 1 illustrates the ranges of four 
common crystals, in terms of atomic number, for the major lines of the K, L, and M series. 
We see that the quartz 1011 crystal can detect some or all of the L series lines from ele- 
ments Ag(47) through Ir(77). Through the use of several different crystals, the L and M 
series lines of most elements can be measured. 


Operating Conditions. X-ray data were collected at a beam energy of 20 + 0.4 kV, as 
determined by the EDS high-energy cutoff method, and a takeoff angle of 18°. A current 
of 8 x 1078 A was selected so that sufficient counts could be obtained in a reasonable 
time (less than 100 sec) with minimum dead-time correction (less than 2%). The current 
was measured periodically using a Faraday cage, constructed from a 200 um aperture, coup- 
led to a Keithley model 610A electrometer. 


Data Processing. All count data were corrected for dead time, background, and peak 
overlap. Figure 2 illustrates a spectral scan through the Ni Ka, and Kaz lines. Although 
the overlap between the two peaks is only a few per cent at peak centers, we decided to in- 
corporate peak deconvolution for completeness. Since the peaks are not necessarily symmet- 
ric and their areas not related to total counts existing EDS deconvolution methods were not 
used. Instead, we developed a simple scheme (see Appendix) to correct for overlap. Six 
data points plus two backgrounds were collected by means of a computer-controlled spectro- 
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FIG. 1.--Ranges of four common WDS crystals, in terms 
of atomic number, for major lines of K, L, and M 
series. 
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FIG. 2.--WDS scan illustrating smail amount of overlap 
between Ni Ka, and Kay with quartz 10T1 crystal. 
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meter. The points included the two peak values and two readings on each side of the over- 
lapped peaks, spaced at intervals equal to the peak separation. The deconvoluted peak val 
ues were then determined from 


To = Is = R(Io = RIy) (7) 
and 


H 


Ip, = Iy - R(Is ~ Rig) (8) 


where I, through Ig are the sequentially measured intensities across the two peaks, Ip, 
and Ip2 the deconvoluted peak values, and R the ratio of the two peaks; i.e., R = Ipo/Ipi. 

Following deconvolution, the data were corrected for absorption by Eq. (6) and used ir 
Eq. (4) to obtain the corresponding spectrometer efficiencies. These values were plotted 
and a smooth curve was fitted to them. This curve was then used to determine efficiencies 
for the L lines. 


Results and Diseusstons 


Figure 3 shows the efficiency curve for the quartz 1011 crystal in spectrometer No. 2. 
This curve is valid only with the spectrometer for which it was determined and could chans 
if the crystal were realigned. In fact, such a curve could be a useful means for evaluat- 
ing alignment and performance. Values from this curve were then used in Eq. (4) to obtain 
absolute yields for the individually measured L lines. A limitation of these results is 
the uncertainty associated with the original K series yields.* This uncertainty includes 
a 15% systematic difference between two separate experiments and an average random varia- 
tion of +7%, and is unfortunately incorporated into the uncertainty of the resulting L 
line yields. The problem is fortunately less severe for relative line intensities, which 
are obtained by dividing one yield by the other. In this case most or all of the systema- 
tic uncertainty cancels, Future work on improved K series yields is needed. 

Sm(62) was chosen for the initial measurements based on its availability as a pure el¢« 
metal standard and because all its major L lines fall within the range of the spectromete1 
as illustrated in Fig. 4, which also identifies the lines in relation to their respective 
absorption edges. The relative intensities associated with transitions into a given L le 
el are independent of the beam voltage. However, this is not the case when lines associa’ 
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FIG. 3.--Experimentally determined WDS 
efficiency curve for quartz 1011 crystal 
used in this study. 
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PIG. 4.--Nominal relative intensities as 

function of spectrometer position for the 
11 major lines of the L series of Sm. 
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with transitions into different L levels are compared. In this case, the magnitude of the 
differences is greatest at low overvoltages, which will be the subject of a future investi- 
gation. 

Table 1 summarizes some of the data and results from the Sm study. Of the eleven lines, 
whose nominal relative intensities (compared to La;) were 1% or more, nine were measured. 
Included in this table are: the spectrometer efficiencies from Fig. 3; the measured peak 
intensities in cps; the absorption corrections; the resulting absolute yields; and the 
relative intensities as determined from (a) measured peak intensities, (b) yield ratios, 
and (c) existing tabulated values. It can be seen from (a) and (b) that self-absorption 
and spectrometer efficiency introduce small but significant corrections to the data. The 
larger discrepancies between (b) and (c) illustrate the magnitude of the uncertainties as- 
sociated with existing tabulated data. 


Coneluston 


We have described a method in which the K series absolute yields, as obtained by EDS, 
were used to determine an absolute efficiency calibration curve for a quartz 1011 crystal. 
This curve was in turn used to measure the absolute generation yields for nine of the major 
L-series lines of Sm, Although these values have a large uncertainty, attributed to uncer- 
tainty in the K-series yields, they are believed to give better relative line intensities 
than previously available. Future improvements in K-series yields are necessary to give 
better L-line yields. 

It is proposed that a similar calibration method can be also developed for x-ray fluo- 
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rescence WDSs by use of a series of carefully calibrated radioactive standards in place of 
the sample. The measured intensities could then be used to determine an efficiency curve 
for use in quantitative fundamental parameter methods. 


APPENDIX 


The maximum values of 2 overlapping peaks can be easily deconvoluted from each other 
provided that the peaks have similar shapes and tails that decrease to negligible values 
within a distance of no more than 3-4 times the peak separation. Figure 5 illustrates two 
such peaks with six points to be measured--Im, through Img. The points, spaced at inter- 
vals equal to the peak separation, can be represented in terms of the contributing peaks by 


Im) = I, ,-2 + I2,-3 
Imp = 1j 2+ 135.8 
Im3 = I1,9 + Io,-1 
(A-1) 
Im = I} 1 + Io,0 


Img = Tyo + To, 


INTENSITY —= 


Img = 11,3 + I2,2 


FIG. 5.--Schematic illustration of two 
asymmetric but similar overlapping peaks. 
The six points (Im,_¢), spaced at inter- 
vals equal to peak separation, represent 
values measured and used for deconvolution. 


CRYSTAL POSITION —~ 


where the subscripts identify the peak (1 or 2) and relative position (-3 to +3). By vir- 
ture of their similar shapes we can write the following relationships: 


ee as gol Gy (A-2) 
Leo. dteo ~ higet Disa lige 


where I; 9 and Iz,9 are the deconvoluted maximum peak values. Furthermore, if it is 
assumed that: 


1133 = Io 4-3 = 0 (A-3) 


we are left with twelve equations and twelve unknowns, which can be reduced to give 


Ty 9 = Img - R({Im) - RIm) (A-4) 
Ig,0 = Im - <(Img almg) 
where R is the relative peak intensity defined by 
R = Io ,0/11,0 (A-5) 


Equations (A-4) can be solved iteratively if an initial value for R is assumed. If 
necessary these equations can be easily extended to include more data points. 
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SOME INVESTIGATIONS FOR THE DETERMINATION OF THE SPATIAL DISTRIBUTION OF THE 
IONIZATION DENSITY 


H. J. Dudek 


In many modern materials, chemical inhomogenities of the order of one micrometre and 
smaller determine their mechanical properties. For electron microbeam analysis of these 
inhomogenities, the spatial resolution must be known. The spatial resolution of electron 
microbeam analysis (X-ray and Auger) is influenced mainly by the spatial distribution of 
the specific ionization density in the material. Some results concerning the determina- 
tion of the spatial distribution of ionization density in the material are discussed below. 


The k-ratto as a Funetton of Particle Dtameter 


In energy-dispersion microbeam analysis in the scanning electron microscope, the effect 
of the electron-beam diameter on the spatial resolution can be usually neglected.! Measure- 
ment of the k-ratios of small particles embedded in a matrix of a different chemical con- 
stitution as a function of the particle diameter should yield constant values as long as 
the electron-induced ionization is contained completely inside the particle.* The change 
in the k-ratios at small particle diameters indicates the influence of the matrix and al- 
lows conclusions to be drawn about the diameter of the ionization-density distribution. 

Figure 1 shows k-ratios of the B-phase of Ti6A14V alloy as a function of the particle 
diameter.? The decrease in the k-ratios of vanadium and the increase in the k-rations of 
aluminum at particle diameters of approximately 0.5 um indicate that the dimensions of the 
lonization-density distribution are of the same order of magnitude. 


X-ray Measurements at Element Couples 


The x-ray intensity measured at an element couple as a function of the distance from 
the boundary is the spatial integral of the spatial x-ray production function.*~& The mea- 
surements of the x-ray intensity near the boundary can be used to determine the dimensions 
of the ionization density distribution. The distance of the two k-ratio plots at 5% of 
the maximum intensity can be taken as an approximate measure for the dimensions of the 
ionization-density distribution in the material (and as a measure for the lateral resolu- 
tion). The 5% distances were determined for various element couples as a function of the 
accelerating voltage (Fig. 2).! 


Radial Funetion of the Ionization Density Determined from Measurements of the X-ray In- 
tenstty at Element Couples 


With simple assumptions for the radial distribution of the ionization density (normal 
distribution), it can be shown that the x-ray intensity measured at element couples can 
be used to determine this radial distribution.+»>® The radial distribution of the primary 
ionization density in copper (Fig. 3) and the secondary ionization density in iron (Fig. 4) 
excited by CuK, was obtained by a graphical differentiation of the x-ray intensity meas- 
ured at the Cu/Fe couple.©,’ To assure Fouls without artifacts a special preparation 
method for element couples was developed.7 


The author is at DFVLR (German Aerospace Research Establishment), Materials Science 
Laboratory, 5000 Ké1ln 90, Federal Republic of Germany. 
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Energy Dtstrtbutton of Escape Electrons 


The electrons escaping from the side face of a rectangular edge while the primary 
electron beam is scanning across the edge can be used to determine the dimensions of the 
ionization-density distribution in the material.® The ionization density is influenced 
by the intensity and the energy of the escape electrons. For the determination of the 
influence of these two factors a retarding-field spectrometer for the escape electrons 
was developed? and the intensity of the escape electrons was measured as a function of 
the retarding field (Fig. 5). The width of the intensity distribution of the escape elec- 
trons shows a substantial decrease only at high retarding potentials. 


Model Calculattons 


For a general formulation of the lateral resolution of the electron microbeam analysis 
the spatial ionization-density distribution function has to be known as a function of all 
beam and material parameters./9 For the depth distribution many such functions were de- 
veloped, but the radial distribution is not sufficiently known in the general case. For 
a mathematical formulation of this problem, a scattering model for the determination of 
the spatial distribution of the ionization density is being developed. Use of a normal 
distribution for the electron beam permits the computation of the number of monoenergetic 
electrons that pass through an infinitesimal volume at any point in the material after one 
scattering event.!! First computations done with simple assumptions for the scattering 
and ionization cross section lead to a depth distribution for copper shown in Fig. 6.) 


Discusston 


For the investigation of materials science problems in aerospace technology by means 
of electron microbeam analysis, some experimental investigations and calculations have 
been made that give information about the spatial distribution of the ionization density 
in the material. These investigations are intended to lead to a general formulation of 
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of the spatial resolution of the electron microbeam analysis. 
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EDS k-RATIO DETERMINATION USING A MINIMUM SET OF STANDARDS 
A. G. Jackson and M. B. Strope 


Quantitative analysis of energy-dispersive-spectrometry (EDS) data can be accomplished 
by several methods. Variations of FRAME and other schemes have proved to be very useful 
in the analysis of spectra. One of the requirements for these schemes is a set of stan- 
dards from which the counts used to find the k-ratio are generated. As with all quantita- 
tive methods, care in obtaining the data is essential to credible results. In particular, 
the standards must be well prepared and checked frequently to assume that contamination 
has not occurred. This is a time-consuming process requiring patience and skill. 

One way of reducing the time for collecting data is to use fewer standards. An ap- 
proach to minimizing the use of standards, as well as to check for reliability, is to 
take advantage of the response of the EDS detector to characteristic radiation over the 
range 2 kV to about 20 kV. 

The integrated intensity measured by EDS peaks is proportional to beam current and to 
beam energy minus the excitation voltage, to some power, i.e., 


Laie: E(1)]” (1) 


where usually n = 1.7.1.2 Thus, for the same beam current, the ratio of the intensities 
of two elements is simply 


I (1 are u 
Y) [ eee 


= besEDy (2) 
T@) E - E(2) 


When the experimental values of In(Ij/I2) vs In {[E - E(1)]/[E - E(2)]} are plotted, the 
expected curve is a straight line with slope n. If the line is not straight, then the data 
were collected from a faulty standard produced by carbon or oxygen contamination; instru- 
ment problems may also be responsible for the nonlinearity. The critical excitation volt- 
ages are well known; the exponent can be found experimentally; and the beam voltage is 
known. Hence, by measuring the intensity of one element and using it as a reference, one 
can calculate the intensity of other elements. 

The usefulness of this approach lies in the ability to estimate values of integrated 
intensity from Eq. (2) for a standard which may not be available. Instead of using stan- 
dards for every element in a specimen one may thus make do with a standard that is avail- 
able. 

This approach as applied to K-lines is discussed in the following sections. Experimen- 
tal values of n are given for three operating voltages, and the interpolated values for a 
Cr-Fe-Ni standard are calculated and compared with actual values. 


Experimental 


The integrated-intensity data were obtained from a Kevex 5100 EDS system operating on 
an ETEC Autoprobe. Intensity was corrected for a background by a simple straight-line 
method. The standards used are listed in Table 1. Most of them have been tested against 
known compositions and have proved to be the compositions represented. Count rates were 
kept below 5000 cps in order to minimize dead-time GEECCES and Be absorption effects 
were minimized by avoiding excitation voltages below 2 kV.° The Cr-Fe-Ni standard with 


The authors are with Systems Research Laboratories, Inc., 2800 Indian Ripple Road, 
Dayton, OH 45440. This work was supported by the Air Force Materials Laboratory at the 
Wright-Patterson Air Force Base, Ohio, under Contract F33615-77-C-5008. ‘ 
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certified concentrations was obtained from NBS. Only K-line data are presented here. 


TABLE 1.--Standards used for generating integrated-intensity data. 
Element V Cr Mo Co Fe Ni Cu zn Ge Se 
Egy) 4.952 5.415 5.899 6.930 6.404 7.478 8.048 8.639 9.886 11.22 
(K=line) 
Results 


Integrated-intensity data from each standard were obtained at 15, 20, and 30 kV. Rati 
of intensity for each combination of two elements were calculated from count data and plot 
ted (Fig. 1) as a function of [E - E(1)]/[E - E(2)]; the data fell on a straight line as 
expected. However, the value of n was voltage dependent, increasing with increasing volt- 
age. In Table 2 the values of n obtained from a least-squares fit of the data are listed. 


TABLE 2.--Experimental values of n by least-squares fit of In I}/Io vs In[(E - E))/(E - Eo) 


Eg (KV) 15 20 30 
n 3.33 575 4.55 


FIG. 1.--Log-log plot of intensity ratio as function of (E - B!)/E - E!), for E = 15, 20, 
30 kV. Scatter in 30kV data at center resulted from contaminated standard. 


Scatter in the data at 30 kV resulted from data generated by a poor standard--in this 
case Se. Inspection of the Se standard showed that it was contaminated and was producing 
too low an intensity. During the investigation, similar results had been obtained for a 
Ti standard. When the Ti was repolished and new data were generated, they fell on the 1i1 
as expected. 

The procedure--once a value of n for Eq. (2) had been found--is relatively straight- 
forward. First, counts from a standard for a material present in the unknown are obtaine: 
next, theoretical values of standard counts for the other elements in the unknown are cal- 
culated. Once these counts are available, the k-ratios can be found, from which the cor- 
rected concentrations are determined using ZAF computation methods. 

Intensity data from a Cr-Fe-Ni standard were obtained at 15 kV in order to test the 
method and the experimental value of n in Eq. (2). The results are shown in Table 3. Thi 
point of interest is the comparison between theoretically calculated intensity and k-rati: 
and experimentally obtained intensity and k-ratio. In each case, the values compare fa- 
vorably. Fe was used as the known intensity since the expected concentration was the lar; 


est and would thereby be influenced least by background corrections. 
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TABLE 3.--Comparison of theoretical counts and k-ratio with actual counts and k-ratio for 
several sets of data from Cr-Fe-Ni reference standard; Fe is basis element from which 
others are calculated. 


Element 


On the other hand, use of either Cr or Ni as the starting element is also valid. The 
problem for this case is that both elements have low concentrations. Contributions from 
the background are therefore larger than those for Fe. This is not a severe problem for 
Cr-Ni-Fe; however, where low concentrations and varying background are present, errors in- 
troduced during background subtraction are relatively larger. 

Experimentally this approach works well for the K-line data reported. The case of 
Cr-Fe-Ni is a simple situation in which no overlap occurs and other complicating factors 
are at a minimum. For the more complex situations where overlap is present this technique 
can be applied by use of the Kg line intensities and the exponent suitable for these lines. 
This is the subject of a separate paper.’ 

Application of this technique to L-lines requires considerable care because of the 
strong background effects. The narrow separation between the Ly and the higher-order lines 
(Lg, Leo) poses an operational problem in the obtaining of reliable integrated-intensity 
values for the L, line. Efforts are under way to obtain values of n for the L-lines. 


ConeLlustons 


A simple method for calculating theoretical standard counts has been presented for 
K-line intensity. The calculated values correspond well with measured counts for the 
simple case of Cr-Fe-Ni reference material. Experimental values of the exponent in the 
intensity equation for three beam voltages have been found. Hence, all parameters in the 
intensity equation are known, so that calculation of theoretical counts is made possible. 

Application to L-lines and to complex cases where overlap occurs is mentioned. Re- 
sults for these cases and discussion of the variation of n with beam voltage will be pre- 
sented elsewhere." 
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STATISTICAL PARAMETERS USEFUL FOR CHARACTERIZING SAMPLES BY ELECTRON MICROPROBE 
W. G. Fricke Jr. and Gary Gray 


We microprobists use statistics as a way of evaluating how good our analyses are. We 
use them, for example, to calculate detectability limits or analytical sensitivity for 
some element.! However, standard statistical techniques are even more useful in describ- 
ing our samples as distinct from our methods. A surprising amount of additional informa- 
tion is obtained if statistical parameters are calculated routinely as part of any anal- 
ysis. Such extension is relatively easy with modern automated probes once the data are 
in a computer. 

Standard deviation, for example, is a measure of the scatter in a set of experimental 
data. In part such scatter would be observed if repeated analyses were made on one point. 
Standard deviation from this source is the square root of the mean counts. Yet in general 
the observed scatter is much greater than that because of inhomogeneity of the sample it- 
self. In fact, the observed standard deviation in analyses is a convenient measure of 
this inhomogeneity. 

Whenever more than a few determinations are made on the same sample, for example dur- 
ing a step scan, the standard deviation for each element should be calculated. If there 
were n determinations giving an average analysis X, the standard deviation S is calculated 
by a summation of the amount by which each analysis X; deviates from the mean, according 
to the formula 


lt m3 


S= [E (x, - 02/(@m - YI]? 
i 


1 


It is then easy to compare samples. For example, Table 1 lists the scatter of analyse 
seen in X5020 aluminum alloy ingot as it was cast and after heating intended to homogenize 
the ingot, The preheating did indeed make the material more homogeneous as it eliminated 
coring in elements such as magnesium and copper. Manganese, on the other hand, became 
more "inhomogeneous'' with heating because particles high in manganese formed out of the 
solid solution. 


TABLE 1.--Homogeneity in X5020 aluminum alloy ingot. 


Preheated 16 hr at 493°C _(920°F 


Mean Std. Dev. i Coeff. Varia. 
Mg 2.53 0.10 0.04 
Cu 1.68 0.24 0.14 
Mn 0.23 0.12 : 0.53 


It is sometimes convenient to express the standard deviation as a fraction of the 
amount present, that is, as S/N. This parameter is known as the coefficient of vartation 
and gives one a better feel for whether there is a little or a lot of scatter. In the 
above example, it is easy to see that even in the ingot the copper was relatively more 
segregated than the magnesium, even though in an absolute sense there was less of it - 
there. 

Once the standard deviation is calculated, it is relatively easy to compare samples 
to deve Cue MACEIEE they are significantly different through a method such as the Stu- 
dent t-test. 


ae seegoeee are with the Alloy Technology Division, Alcoa Laboratories, Alcoa Center, 
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Elements do not usually vary independently of each other in a sample. The same mech- 
anism that tends to concentrate one element in a portion of the sample tends to concen- 
trate other elements in the same or in different areas. Correlation coeffictents are con- 
venient measures of what elements were varying together and, hence, those which had an af- 
finity for each other. If Xj and Y; are the analyses for two elements at the same i-th 
point, the correlation coefficient R between the two elements is given by 


R= [MEX,Y, - EX,5Y,]/{[(nEX,)? - (2X, )?][nzy,? - Pa eae 


All the summations are for i = 1 to n, the total number of analyses. In the above 
expression, =(X;Y;) is the sum of the individual X's multiplied by the Y's, whereas XXZY 
is the result of totaling all the X's and muitiplying by the total of the Y's. The term 
EX,? means to square the X's and total; (2X4)? means to total the X's and square; etc. 

A correlation coefficient near +1.00 indicates that the two elements were varying to- 
gether and, in fact, were exactly proportional to each other; a coefficient near -1.00 
indicates they were avoiding each other perfectly. A coefficient near 0.00 suggests the 
two elements were indifferent to each other. Of course, in practice, a calculated coef- 
ficient will never be exactly zero, so it is necessary to know how small a coefficient can 
be £08 a given amount of data and still be real. Tables exist that help answer this ques- 
tion. 

An example shows the power of the method. Step scans were being made across two sam- 
ples of 3003 ingot for the elements Fe, Mn, and Cu. The graphs of the data showed that 
points high in Fe also tended to be high in Mn (Fig. 1). Im this case, the high points 
in the analyses occurred when the analyzing spot happened to include part of one of the 
intermetallic particles that are common in this alloy. The correlation coefficients be- 
tween Fe and Mn were, therefore, close to +1.00 for both samples (Table 2); the particles 
contained both Fe and Mn. However, the graphs indicated that high points also occurred 
for Cu and sometimes seemed to coincide for peaks in Fe and Mn. But was the coincidence 
real? 


TABLE 2.--Correlation coefficients between elements. 


Element Pairs Sample A Sample B 
Fe-Mn +0.92 +0.96 
Fe-Cu +0 .39 (+0.05) 
Mn-Cu (+0.06) (-0.09) 


The correlation coefficient calculated between Fe and Cu in Sample A was large enough 
to be real (Table 2), but in Sample B it was not larger than the 0.14 value needed to be 
significant (200 analyses, 95% confidence). There was a suggestion, therefore (later con- 
firmed), that Cu was present in the intermetallics in Sample A, but not in Sample B. The 
low correlation between Mn and Cu in Sample A probably occurs because high points for Mn 
in the solid solution are low points for Cu. 

Sometimes one wants to estimate the composition of submicrometre-sized particles, even 
though the individual particles are smaller than the analyzed spot and hence cannot be 
analyzed quantitatively. Regression techniques help here. Think of the separate analyses 
as being diluted by an unknown quantity of matrix of constant composition. If the individ- 
ual analyses were arranged in increasing order for some element, they could be extrapolated 
to large particle size (zero dilution by the matrix), which would be the true composition. 
This is the method of Betzold,? and we have written a computer program to facilitate the 
extrapolation. 

However, complex calculations are not always necessary. In the example above, corre- 
lation calculations showed that Fe and Mn were both present in the intermetallics. By 
simply picking off the observed high points for Fe and Mn and calculating a least-squares 
straight line through the data pairs (Fig. 2), we obtained from the slope of the equation 
a predicted Fe/Mn ratio in the particles of 2.21. Incidentally, the correlation coeffi- 
cient between Fe and Mn, calculated previously, measured how well the experimental points 
fit this straight line. ‘ 
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DISTANCE IN HICROMETRES 


FIG. 1.--Step scans for Fe, Mn, and Cu across 
3003 ingot. 
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Having a computer return such stat- 
istical parameters routinely, even when 
no use is initially visualized for them 
does help interpret the condition of th 
samples and occasionally provides sur- 
prises that would be missed if one were 
to look at average analyses alone. 
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MICROHOMOGENEITY STUDIES OF NBS STANDARDS 
R. B. Marinenko, K. F. J. Heinrich, and F. C. Ruegg 


We have developed a simple routine procedure for trerine the microhomogeneity of speci- 
mens. The procedure was described at a previous meeting! by one of the authors. Since 
then, many more samples have been studied and statistical evaluations have been developed. 

Several procedures for studying microhomogeneity had been used at NBS before the new 
procedure was developed. These procedures included random samplings*»> that were used to 
study low-alloy steels (SRMs 461 and 463) and cartridge brasses (SRMs C1102 and 1102) and 
selective sampling such as quantitative raster scanning (QRS),*°> and a program called 
TOPO, which sampled a region within a defined one- or two-dimensional array. These latter 
procedures were used to test the microhomogeneity of a tungsten-20 molybdenum alloy (SRM 
480) and of gold-silver and gold-copper alloys (SRMs 481 and 482). Other modifications’? 
of these methods have been used to study an iron-3% silicon alloy (SRM 483) and an iron- 
chromium-nickel alloy (SRM 479). 

The new testing procedure was developed to provide a quick visual display of sample 
homogeneity on the micrometer scale, with an optional statistical interpretation of the 
observed signal variations. A periodic integrator as originally proposed by Heinrich? but 
based entirely on digital operations (i.e., a microcomputer) is used. The sample is moved 
automatically (by a stepping motor on the stage) under the electron beam in steps of one 
to up to ten micrometers. At each point x-ray counts are accumulated for a preselected 
time period (usually 10 sec). The total number of counts per time period on the scalers 
are then shown on a fast strip-chart recorder as an analog signal. The signal on the re- 
corder remains unchanged during any counting period while x-ray counts are accumulated for 
the next time period display. The same point can be repeatedly sampled for as many as fif- 
teen times before moving on to a new location. 

A diagram of the interfacing of the periodic integrator with the electron microprobe 
and the recorder is shown in Fig. 1. Up to four independent x-ray photon count rates can 
be simultaneously handled by the scaler assembly. The periodic-integrator outputs from the 
scalers are transmitted to a teletype and to the strip-chart recorder. The microcomputer 
also controls the stepping motor on the stage allowing it to advance after one or as many 
as 15 counting periods. In addition, the signal excursions on the chart can be enhanced 
by digital multiplication of the signal and by application of a bias to remove unwanted 
counts. 

In Fig. 2 is a typical periodic integrator trace where the homogeneity of molybdenum, 
chromium, and manganese in the steel SRM 663 are being tested. The sample was moved in lum 
steps under a lum electron beam. Visible inclusions were avoided. Counting periods were 
10 sec. The operating voltage (30 kV) was chosen so that the effective diameter of the ex- 
cited area was less than 2 um. 

The shaded region through the traces corresponds to a range of +3N1/2 around the aver- 
age number of counts per counting period N. The square root of N, according to Poisson 
counting statistics, is an unbiased estimate of the standard deviation. Therefore, +3N1/2 
should provide a 99.7% confidence limit. Deviations outside this range are indicative of 
inhomogeneity or instrumental variations. 

In the figure, chromium and manganese are observably inhomogeneous and show large devia- 
tions outside of the +3-sigma limits. This result truly represents a concentration varia- 
tion occurring in the sample as confirmed by the trace to the left, where the same area 
was repeatedly counted with a stationary 20um beam. Here the signal remains within the 
+3-sigma limits and shows variations due only to Poisson counting statistics. According 
to this interpretation, molybdenum appears to be homogeneous here. Such a conclusion is 
not valid in this case as the method is not sensitive enough to see. such a low concentra- 
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FIG. 1.-- Interfacing of periodic integrator with electron microprobe and recorder. 
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FIG. 2.--Periodic integrator homogeneity traces of manganese, chromium, and molybdenum 
simultaneously recorded from NBS SRM 663 stainless steel (voltage 30 kV, beam current 

1.3 x 10°78 A). In right-hand traces sample was advanced 1 um under a lum electron beam 
after each 10sec counting period. At left, sample was not moved during repeated 10sec 
counting periods with a 20um beam. Shaded regions represent range of +3N!/2 around aver- 
age number N of counts per 10 sec for entire trace. 
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FIG. 3.--Periodic integrator homogeneity trace of germanium and lead simultaneously re- 
corded from NBS RM Glass K-491 (voltage, 15 kV; beam current, 7.5 x 10-8 A). In traces 
on right, sample was advanced 1 ym under lum electron beam after each 10sec counting pe- 
riod. To left, sample was not moved during repeated 10sec couneivesy 7 0c with a 20um 
electron beam. Double-headed arrows at right represent range of +3N /2 around average 


number of counts N per 10 sec for entire trace. 
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FIG. 4.--Periodic integrator homogeneity trace of tungsten and molybdenum in NBS SRM 480, 
tungsten-20 molybdenum alloy. Traverse crosses sample from edge to edge in 10m steps 


With 10ym electron beam. 
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tion of molybdenum. The molybdenum signal is hardly discernible above the background. 

If desired, a statistical evaluation of the data can be obtained. The standard de- 
viation is separated into two components, one due only to the difference between points 
or the "between"! standard deviation 6g. The other is the "within" standard deviation 6y, 
which is due only to the variation that occur when the same point is repeatedly measured. 
To get the latter component, duplicate measurements are taken on each point. This sort of 
treatment allows one to separate the statistical fluctuations and facilitates identifica- 
tion of inhomogeneities. 

Table 1 is a statistical survey of several elements in the steel SRM 662. These are 
the results of traces we prepared by moving the sample in lum steps under a lym electron 


TABLE 1.--Homogeneity study of stainless steel SRM 662. 


Element Conc. in oo a 
; ti ~ = i B B 

Reta GANe eee x s w Counts Wt. 2 U (wt. %) 
CrKka 0.30 4769 1000 +105(2,2) +599(12.6) +0.048 0 023(7-.7) 
MnKka 1.04 7559 800 +122(11.6)  +£560(7.4) +0.086 +0.039(3.8) 
Nika 0.59 9943 3000 +103(1.0)  +200(2.0) +0.017 +8 014(2.4) 
CuKa 0.50 4209 2000 + 68(1.6) +152(3.6) +0.034 +0.023(4.6) 
Tika 0.84 1778 900 +137(7.7) +1295(72.8) +1 .239 +0.529(6.3) 
V Ka 0.4] 913 650 332 (B5). <4°57(6.3) +0.089 +0.067(16) 
CoKa 0.30 12433 6300 +111(0.9)  +117(0.9) +0. 006 +0.012(4.0) 
X = Mean intensity, or average of all readings in the scan 


B = Average background reading 


= 
Il 


Total uncertainty 


a 


ou and Op are expressed as percent in parentheses = o/X 


beam, taking duplicate readings at each point. The length of each trace was 50 um and ea 
counting period was 10 sec. A quick comparison of Gy and Gp in counts shows that except 
for cobalt all elements appear to be inhomogeneous in this sample. Titanium is probably 
the most inhomogeneous element. To the right Gp is expressed in weight percent and U is 
the total uncertainty (in weight percent) which includes both components of the standard 
deviation, the background, and the uncertainty from the SRM certificate. 

Even though the steel SRMs 661-664 are not completely homogeneous, they can still be 
used as standards with the electron microprobe. In such cases it would be necessary for 
each analyst to determine the extent of inhomogeneity of his own specimen. The easiest 
way to make such a determination is by random sampling. 

To check the validity of such an approach, random sampling tests were made on the ste 
SRMs. Nickel, chromium, and manganese were analyzed with wavelength spectrometers. Dupl. 
cate tests were made of ten random samplings on each steel with a lum electron beam. Tab 
2 shows the results where the standard deviation (in weight percent) from both tests are 
compared to the oR (in weight percent) calculated from the homogeneity traces. As can be 
seen both methods give simular results. 

We have completed a study of all NBS standards that are sold at present for electron 
probe microanalysis. Table 3 is a list of these standards. The SRMs in this list had 
been previously studied for microhomogeneity by the best methods available at the time, 
but they had not been studied from micron to micron as can be done by the new method. 

Figure 3 shows a homogeneity trace of one of the glasses in RM-30. The major consti- 
tuents in eight of the glasses were studied. This trace is typical of a homogeneous ma- 
terial. All points fall within the +3-sigma limits indicated on the right by the double- 
headed arrow. Eight glasses in RM-30 and the gold-silver and gold-copper alloys had simi 
lar traces. In samples such as these, statistical evaluations are not necessary, since 
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TABLE 2.--Comparison of random sampling with homogeneity traces for iron and steel SRMs. 


Element 

Sample Ni Cr Mn 
661 Conc (wt%) ; .99 0.69 0.66 
oR (wt) RS 0.046 0.120 0.089 
vee RS, 0.041 0.093 0.067 
HT 0.034 0.110 0.083 

662 Conc (wt%) 0.59 30 1.04 
OB (wes) RS 0.021 0.045 0.087 
A RS 0.018 0.040 0.089 
HT 0.017 0.048 0.086 

663 Conc (wt%) 0.32 Ls 1.5 
Ge RS 0.014 0.110 0.075 
B{wtz ) RS 0.071 0.198 0.155 
HT 0.009 0.250 0.180 

664 Conc (wt%) 0.14 6.07 0.26 
OB (wt) RS 0.024 0.021 0.101 
Whe RS 0.020 0.028 0.064 
HT 0.018 0.011 0.058 


7 
”~ 
Mi 


Random Sampling 


= 
4 
u 


Homogeneity Trace 


TABLE 3.--Standard Reference Materials and Research Materials which are tested for micro- 
scopic homogeneity (taken from "NBS Standard Reference Materials for Electron Probe Micro- 
analysis and Scanning Electron Microscopy," 1976, brochure published by NBS). 


Elements 
No. Type Form (nominal wt % 
SRM 478 Cartridge Brass Cube and Cu-73; Zn-27 
Cylinder 
SRM 479 Fe-Cr-Ni Alloy Wafer Fe~/713;Cr-183;Ni-11 
SRM 480 Tungsten-20% Wafer W-78;Mo-22 
Molybdenum 
SRM 481 Gotd-Silver Six Wires Au- 100; 80; 60; 40; 
20;0 
Ag-0; 20; 40; 60; 
80; 100 
SRM 482 Gold-Copper Six Wires Au-100; 80; 60; 40; 
2030 
Cu-0; 20; 40; 60; 
80; 100 
SRM 483 Iron-3% Silicon Platelet Fe-973Si-3 
RM 30 Glasses for Slices 10 Compositions 
Microanalysis of Various Oxides 
RM 31 Glass Fibers for Fibers 10 Compositions 
Microanalysis of Various Oxides 
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there is no evidence of inhomogeneity, as may be seen from the comparison of Gy and Gp 
for 80Au20Cu in Table 4. 


TABLE 4,--Homogeneity study of gold-copper alloy SRM 482. 


Element Conc. in OF og Sy 
a oO oO 
x-ray Line Wt. % 3 B o B B 
y ae W Counts Wt. % U (wt. %) 
AuMa, 80.20 28328 1000 + 166(0.6) +91(0.3) +0.27 +0.244(0.3) 
CuKka 19.80 28731 1000 + 224(0.8) 0(0.0) 0.0 +0.118(0.6) 


X = Mean intensity, or average of all readings in the scan 


B = Average background reading 


U = Total uncertainty 


“a 


“oy and Op are expressed as percent in parentheses = o/X 

SRM 480, the tungsten-20 molybdenum alloy, on the other hand, was somewhat different. 
A homogeneity trace of this sample is shown in Fig. 4. The sample was moved in 10um steps 
under a lum electron beam. The wave-like trends were not observed in the original homo- 
geneity study of this sample. The coefficients of variation in the SRM certificate are 
2.5% for molybdenum and 1.5% for tungsten. In terms of +3-sigma limits, these variations 
are 11.6 wt% for molybdenum and +3.6 wt% for tungsten. Such deviations are within the 
variations that occur on the trace. 

Cartridge Brass, SRM 478, also showed fluctuations similar to SRM 480 but not as ex- 
treme. And the other SRMs showed no significantly large inhomogeneities. 
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AN EMPIRICAL INVESTIGATION INTO POSSIBLE NONLINEARITIES OF THE MICROPROBE CORRECTION 
FACTORS IN THE SYSTEM Mg0-Ca0-A150.-Si0, 


H. F. Shaw and A. L. Albee 


The use of the a-factor approach in electron microprobe analysis is based on the em- 
pirical observation! that curves of CAR /KAR as a function of Cp are nearly linear, that 
is, 


A ,A _ A A.A 
Cap/Kap = Sap * (1 - Oy p)Cap (1) 


where ch is the weight fraction of element or oxide A in a binary mixture AB, and as is 
the measured x-ray ane ent of, A relative to the pure element or oxide. The parameter 

ok is equal to the ratio Cy 3/ Kap in the limit as Cp approaches zero. The a-factors can 
be determined empirically for systems in which enough standards of intermediate composi- 
tion are available,*’? or it can be calculated by the atomic number-absorption-fluorescence 
(ZAF) method.* Multicomponent systems are treated by the use of compositionally weighted 
a-factors. Thus for each element in the mixture AB---N, an equation of the form 


A pA NX N OX 

Cap..-n/Kap...n 7 Za Cap--.n ” SAX Eq CAR. ..N (2) 
is generated.! In practice, these equations are solved by iteration, with es aa used 
as a first approximation to C . This technique has gained widespread acceptance 


among mineralogic microprobe laboratories around the world, and has been applied with 
great success to a variety of problems in many chemical systems. 

In some systems, however, the relationship between Cap/Kap and Cap is markedly non- 
linear.!** The nonlinearity is largest in systems with large characteristic flourescence 
corrections (in particular, heavy, adjacent elements for which Kg radiation is used in 
analysis). Less significant nonlinearities arise in systems with large absorption cor- 
rections. Several authors have proposed Hie inclusion of higher order terms in the ex- 
pression for Cap/ KAR as a euneetoD of Cap. 6°7 The simplest assumption is to let daAR in 
Eq. (1) be a linear function of Che: 


A _ A A A 
= agp t bag @ap (3) 


The basic relationship between cen and Crp is then 


Ck. = + (1 - ats + Dap)Can > B - nah? (4) 


CAR 

We have conducted an empirical investigation in the important mineral forming system 
Mg0-CaO-Al,03-Si05. It has been previously noted that empirically determined a-factors 
in the subsystem Mg0-Al503-Si05 are significantly different from those calculated using 
ZAF procedures , + and recent aor has suggested that there may also be significant non- 
linearities in this subsystem. ° 

Multiple analyses of 23 synthetic and natural minerals and glasses (Table 1) in the 
system MgO-Ca0-Al1503-Si0> were obtained over a period of one month using an MAC-5 elec- 
tron probe (effective takeoff angle 38.5°) operating at 15 keV with a sample current of 
0.05 uA measured on brass. The resulting background and deadtime corrected x-ray inten- 
sities relative to the endmember oxides used as standards (K values) were then used to 
calculate empirical a-factors for each binary in the quaternary system. The a-factors 
were evaluated from the least-squares solution to a set of equations of the form of 


The authors are with the Department of Geological and Planetary Sciences, California 
Institute of Technology, Pasadena, CA 91125. This work has been supported by NASA Grant 
NGL-05-002-338. Dan Weill provided the carefully synthesized glasses that made this study 
possible. 
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TABLE 1.--Compositions of the minerals and glasses used in calculating empirical alpha 
factors in the system Mg0-Ca0-Al 03-Si0>. 


Composition (wt %) 


Pyrope 44.72 
Enstatite 59.85 
Enal-5 Glass 56.84 
Enal-10 Glass 53.86 
Enal-20 Glass 47.87 
Spinel 0 

Forsterite 42.70 
Kyanite 37.09 
Wollastonite 51.73 
Anorthite 43.20 
Grossularite 40.02 
Ca-Al Pyroxene 2709 
Diopside 55.49 
Glass P-72] 49.72 
Glass P-722 48.99 
Glass P~723 52.13 
Glass P-724 45.07 
Glass P-725 79.97 
Glass P-726 52.06 
Glass P-727 61.12 
Glass P-728 30.91 
Glass P-729 52.95 
Glass P-730 42.98 


Eq. (2). Each equation was weighted according to the observed variance in C/K for the 
multiple analyses for each of the analyzed,elements.® Least-squares,solutions were ob- 
tained for 2 different assumptions: (1) a,p = constant; (2) ogp = agg + DapCap. In order 
to eliminate physically unreasonab le solutions and to reduce the estimated errors on the 
parameters, ZAF-calculated agp and bAp values were included as weak constraints® on the 
solution obtained under assumption (2). The results of these calculations are listed in 
Table 2. The value of the reduced chi square statistic for assumption (1) is less than 
unity in all cases. This result indicates that the data are adequately described by con- 
stant o-factors and, although we show compositionally dependent factors in Table 2, one is 
not justified in including these higher order terms given the present observed scatter in 
the C/K values. This observation has its practical expression in the fact that the aver- 
age difference between the theoretical compositions of the minerals and glasses and the 
compositions calculated using constant alpha factors is not significantly different from 
the average difference obtained using the compositionally dependent alpha factors. 

For comparison, a-factors calculated by means of a ZAF correction program” are also 
listed in Table 2. Constant a-factors were computed at a 1:1 molar ratio of oxides.* 
Compositionally dependent alpha factors were evaluated by fitting a straight line to a- 
factors calculated at intervals of 10 wt% across each binary. An examination of Table 2 
shows that the theoretical and empirical slope terms (the b's) all agree in sign and gen- 
erally agree in magnitude. However, as noted above, there is serious disagreement be- 
tween the absolute magnitude (a's or a = constant) of the empirical and theoretical fac- 
tors in three instances (Si0> in MgO, SiO» in Alo03, and Alj03 in MgO}. These differences 
are larger than any probable variation due to compositional dependence of the a-factors. 
This discrepancy is probably due to either the breakdown of the Philibert absorption cor- 
rection at small values of f(x),!9 or errors in the values for basic constants (absorp- 
tion coefficients, fluorescence yields, etc.), particularly for the lighter elements. 

Compositionally dependent o-factors were also calculated for each binary in a system 
of 25 important mineral forming oxides. As expected, nonlinearities are most significant 
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TABLE 2.--Empirical and theoretical alpha factors for the system MgO-Ca0-A1503-S1i0>, 
15 keV, takeoff angle 38.5°. Errors are lo errors of the least-squares solution. 


Pe fe Te ft. Pe 


9 MgO 1.086 .005 
Mg0-Si0, +.006 

_Mg0 1.049 204.) 
Mg0-A1,0. +.016 

MgO 1.300 015 
Mg0-CaO +.030 

9 2109 1.395 - .033 
S109-Mg0 +.003 

9109 1.452 - .036 
S10,-A1,0, +.006 

49102 1.075 008 
Si0,-Ca0 +.006 

qAlo03 1.008 O14 
Al503-Si09 +.017 

9 A1203 1.702 -.092 
Al 203-MgO +.038 

oAl203 1.194 .007 
A1203-Ca0 +.026 

@ fad 1.092 -.005 
Ca0-Si0, +.008 

4 Cad 1.010 - .003 
Ca0-MgO +.027 

_ Cad 1.062 -.004 
CaQ-AI,02 +.015 


in systems in which characteristic fluorescence was a major effect or absorption was 
large. Many of the binary systems showing nonlinearity consist of unlikely combina- 
tions of elements. Even in nonlinear systems that do occur in geologic materials, the 
use of compositionally dependent a-factors does not make a large difference in the cal- 
culated compositions, particularly in light of the possible errors in the theoretically 
calculated alpha factors, as discussed above. 

In summary, it has been shown that the present empirical data do not justify the in- 
clusion of higher-order terms in the a-factor correction procedure for the system MgO- 
Ca0-Al503-Si0,, and that some of the theoretically calculated alpha factors do not agree 
with those found empirically. In these cases, the empirical alpha factors are clearly to 
be preferred in the reduction of data. Finally, it appears that the use of composition- 
ally dependent a-factors has in general an insignificant effect on the calculated composi- 
tions of most geologic materials, especially when simple silicates are used as standards. 
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THE USE AND ABUSE OF A QUANTITATIVE ANALYSTS PROCEDURE FOR ENERGY-DISPERSIVE 
X-RAY MICROANALYSIS 


R. L. Myklebust and D. E. Newbury 


The development of quantitative x-ray microanalysis procedures specially adapted to 
the use of electron excited energy-dispersive x-ray spectrometry (EDS), such as the Na- 
tional Bureau of Standards procedure FRAME C, has extended microanalysis capabilities be- 
yond the classic electron probe microanalyzer (EPMA) to the EDS-equipped scanning elec- 
tron microscope (SEM).!.2 In employing a quantitative x-ray microanalysis procedure, the 
prospective analyst must always be aware of the particular limitations placed on the sam- 
ple and the instrument within which the procedure is constrained to operate. The extra- 
ordinary ease with which an EDS spectrum can be obtained tends to mask the danger of er- 
rors that can arise if the required analytical conditions are compromised. It has been 
our experience that, despite their apparent simplicity, energy-dispersive spectrometers 
require as much attention to proper operation as wavelength-dispersive spectrometers. In 
this paper, we shall examine the errors actually observed in practical EDS analyses as a 
result of incorrect analytical techniques. Error propaeae ier from a theoretical point of 
view has been treated previously by other authors.%°+ As a starting point, we shall re- 
view the analysis conditions for FRAME C, and then consider the consequences of deviation 
from or inaccuracy in these conditions. 


Use of FRAME C 


FRAME C performs the following spectral manipulations and matrix corrections: (1) k 
values, the ratio of characteristic intensities in the unknown and standard, are extracted 
from the spectra after corrections for the bremsstrahlung background and for the overlap 
of neighboring peaks.!»°5 (2) Matrix corrections are made for the effects of (a) atomic 
number differences between the unknown and the standards ("Z"); (b) absorption of x rays 
within the target ("A''); and (c) fluorescence generation of x rays by other characteristic 
x-rays (''F''). The FRAME C procedure is limited to x rays with an energy of 1 keV or more 
and is thus restricted to elements with Z > 11 (sodium). The use of the procedure requires 
that the sample must be polished flat (the typical "mirror finish" of the classic EPMA spec- 
imen) and that the beam incidence angle and x-ray emergence angle are well known. In the 
optimal case, the sample is set normal to the electron beam, and the x-ray emergence angle 
is 30° or more. This condition is often difficult to obtain in an SEM where tilting is re- 
quired, so the procedure includes a provision for correction for non-normal electron inci- 
dence. For tilted specimens, the detector-specimen vector, the specimen normal, and the 
beam vector must be co-planar; i.e., the specimen must tilt toward the EDS detector. In 
addition to the spectra as input, the procedure requires only the beam energy and the 
x-ray emergence angle. All other necessary paramteres are generated during the calcula- 
tions from fitted equations. 

The accuracy of FRAME C applied under the specified analytical conditions is demon- 
strated by the analyses of the NBS Standard Reference Material (SRM) 482 gold-copper al- 
loys, Table 1.6 The spectra used for these reference analyses contained integrated peak 
counts whose estimated standard deviation ranged from 0.1% to 1% of the peak count. In 
Table 1, the average relative error (determined from the summation of the magnitudes of 
the individual relative errors divided by the number of elemental determinations) from 
the certified composition is 0.8% for analyses with the gold La x-ray line for which the 
absorption parameter is near unity and 1.3% for analyses with the gold Ma x-ray line, 
which suffers higher absorption. These analyses are comparable to the errors observed 


The authors are members of the Microanalysis Group, Center for Analytical Chemistry, 
National Bureau of Standards, Washington, DC 20234. The authors are grateful to K. F. J. 
Heinrich, C. E. Fiori, and J. A. Small for many helpful suggestions. 
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TABLE 1.--Analysis with FRAME C under suitable conditions. Samples: NBS SRM Gold Copper 
Alloys. Beam: 20 keV, normal to the specimen. X-ray emergence angle: 40°. 


wt% Au 
certified | 


Analysis with Cu Ka and Au La 


wt% Cu | relative | 
measured | error, % | 


relative 
error ,% 


wt% Au 
measured 


| wt Cu 
certified _ 


20Cu80Au ~1.4 
40Cu60Au 1,6 
60Cu40 Au +0.1 

«1.0 


BOCu20Au 


averae relative error 0.8% 


Analysis with Cu Ka and Au Mo 


20Cuak04u 
40Cu6 0 Au +2,0 
§0Cu40 Au +2.8 


8OCu20Au 


averare relative error 1.5% 
by wavelength-dispersive x-ray microanalysis in an EPMA.’ 


Abuse of FRAME C 


To demonstrate the consequences of improper use of FRAME C, we have chosen to examine 
the influence of spectral quality, uncertainty in user-supplied variables (beam energy, 
X-ray emergence angle, location of the background regions), and specimen condition. 


1. Spectral Quality. The quality of the EDS spectrum for analysis can be degraded by 
three common problems: (a) poor statistics resulting from inadequate counting time; (b) ar- 
tifacts such as pulse pile-up or failure in the deadtime correction which can appear at 
high count rates; and (c) errors in the energy calibration. 


(a) Poor Statistics. The gold-copper alloys were analyzed with spectra containing 
peaks with an estimated standard deviation as high as 10% of the peak count. The results, 
given in Table 2{a), show that the quality of the analysis has significantly degraded, with 
the average relative error increasing by a factor of 4 to 5 compared to the reference analy 
ses of Table 1. Note that, owing to the importance of accurate background subtraction, 
adequate statistics must be considered for the background regions as well as the peaks, 

(b) High Deadtime. The analyses listed in Table 2(b) were performed with spectra ob- 
tained at high count rates resulting in deadtimes in the range 70-90%. The average error 
increases by a factor of 3 to 4 over the reference analyses and is slightly greater for 
the analyses with the low-energy gold Ma line. This result is probably due to the greater 
sensitivity to pulse pile-up errors with low-energy x rays. 

(c) Errors in Spectral Calibration. An attractive feature of EDS microanalysis is the 
long-term stability of the spectrometer efficiency, which makes the use of stored library 
spectra of standards feasible. However, the possibility of drift in the calibration with 
time must not be overlooked. The analyses in Table 2(c) simulate a situation in which the 
spectra of the standards are accurately calibrated, whereas the energy calibration of the 
spectra of the unknowns has been deliberately shifted by 20 eV (peak position, 20 eV low). 
Compared to the reference analyses, the average relative error increases by a factor of 
4 as a result of this miscalibration. 
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TABLE 2.--Effect of spectral quality on analysis. 


(a) Poor Statistics (Analysis with Au La and Cu Ka)’ 


Alloy 


20Cu80Au 
40Cu60Au 
60Cu40Au 


80Cu20Au 


wt % Cu 
measured 


19.9 
41.6 
61.3 


81.1 


relative 
error, % 


+0,5 
+4.9 
2.3 


+1.6 


wt Au 
measured 


19.3 


average relative error 3.3% 


{Analysis with Au Ma and Cu Ka) 


20CuBOAu 


40Cu60Au 


60Cu40Au 


8OCu20Au 


19,5 
41.2 
61.3 


81.1 


@1.03 


+1.8 


average relative error 2.7% 


relative 
error, % 


+0.9 
+329 
oS, i 


-3.9 


amalLel 
~1,0 
+2,0 


47.5 


(b) High deadtime (Analysis with Au Lo and Cu ka) 


20Cu80Au 
40Cu60Au 
60Cu40Au 
8O0Cu20Au 


19.4 
37.9 
58.8 
78.3 


=2,0 


o4.3 
@1L 8 
“1,9 


79.9 
61.3 
40.2 
20.9 


average relative error 2.0% 


(Analysis with Au Ma and Cu Ko) 


20Cu80Au 
4A0CuGOAu 
60Cu40Au 
80Cu20Au 


Alloy 


20Cu80Au 
40Cu60Au 
60Cu40Au 
80Cu20Au 


od 2 O 
o4,3 
2.2 
#-1,9 


82.6 
62.8 
4265 
21,7 


average relative error 4.1% 
(ec) Calibration Error (-20 eV) 
(Analysis with Au Lo and Cu Ka) 


wt % Cu 
measured 


19.1 
38.7 
58.7 
les 


relative 
error, % 


~ded 
200 
~2.0 
=3e9 


wt% Au 
Measured 


76.1 
5767 
38.8 
19.3 


average pretative error, 3.5% 
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-0,2 
+1.7 
+0,2 
+4,0 


+3el 
+4,1 
+6,0 
+8,0 


relative 
error, % 


-5.0 
~4.3 
=3e2 
=4,0 


TABLE 2 (Cont'd) 
(Analysis with Au Mo and.Cu Ka) 


20CuBCAu 19.0 4,0) R41 +50 
40Cu60Au 38.8 ~2,0 64,8 47.5 
60Cu40Au 5Se7 =2,0 43,6 +8,7 
BOCu20Au 72 =3—0 21.9 +9,0 


averare relative error, 4.8% 


2. Influence of Errors in User-supplted Vartables. (a) X-ray Emergence Angle. The 
results in Table 3(a) illustrate the errors that can arise as a result of the use of an 
incorrect value of the x-ray emergence angle. In this example, the standards have been 
calculated with the proper value of the x-ray emergence angle (40°), whereas the unknowns 
have been calculated with an incorrect value (30°). Such an error might arise in a labora- 
tory that has several instruments with different values of the x-ray emergence angle. Al- 
though the average relative error increases only to 5.8%, the error range extends to 11% ° 
with the incorrect: angle. 

(b} Beam Energy. Errors in the presumed beam energy of several hundred electron volts 
can easily arise as a result of the difference between the indicated accelerating potential 
and the actual cathode potential. Table 3(b) contains analyses showing the influence of a 
lkeV error in the beam energy. The average relative error compared to the reference analy- 
ses increases by a factor of 2. At lower values of the overvoltage, an error in the beam 
energy would have a greater effect on the analysis. Note that an excellent measure of the 
beam energy can be obtained by determining the Duane-Hunt bremsstrahlung limit (after de- 
convolution for the detector smearing function). 

(c) Selection of Background Regions. In order to fit the bremsstrahlung background 
properly, FRAME C requires the user to select two background regions clear of peak tails, 
spectral artifacts, etc. To demonstrate the influence of background selection, NBS SRM 
Fe-3.22%Si alloy was analyzed. This sample provides a demanding analysis because the Si 
K peak is a small perturbation on a rapidly changing background due to variations in de- 
tector efficiency. Analysis 1 in Table 3({c) demonstrates the high relative accuracy pos- 
sible with proper background selection (background regions well separated and clear of 
peaks and spectral artifacts). In analysis 2, the low-energy background region is located 
on the Fe escape peak, increasing the relative error by a factor of 9. Note that the ac- 
curacy of the iron analysis is virtually unaffected, since the iron peak-to-background is 
very high. In analysis 3, the low energy background region is located in the low-energy 
roll-off, where uncertainties in the efficiency are most serious. Again, the relative er- 
ror for the silicon analysis increases by a factor of 8. Finally, in analysis 4, both 
background regions are placed at high energy above the iron absorption edge. The relative 
error in the silicon analysis increases by a factor of 10, due to uncertainties in back- 
ground prediction far away from the measured regions. 


3. Influence of Specimen Conditton. The fact that energy-dispersive x-ray spectra 
can be easily obtained from rough samples makes it very tempting to apply a quantitative 
X-ray microanalysis procedure to a rough sample. To study the errors that might be expe- 
rienced in such a case, samples of the NBS SRM 482 gold-copper alloys were fractured duc- 
tilely, producing an irregular surface as illustrated in Fig. 1. Spectra were obtained 
while scanning regions approximately 10 um square and were processed with FRAME C with 
standards measured at normal incidence. The results, listed in Table 4, show that very 
large relative errors, up to 60%, can occur due to the geometrical effects (absorption 
path and electron backscattering) associated with rough targets. Even normalization of 
the results to force the total analysis to 100% is not a satisfactory procedure. Signif- 
icant errors in excess of 20% relative are still observed after normalization, and in some 
cases, the errors actually increase as a result of normalization. Note that even the ratio 
of the compositional values of gold and copper is: in large error. 


Summary 


Significant errors are introduced into energy-dispersive x-ray microanalysis with 
FRAME C when the required analytical conditions are not fulfilled. Although in many of 
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TABLE 3.--Errors in user supplied parameters. 


(a) Error in x-ray emergence angle . 
(Standards at 40 , unknowns calculated at 30 ) 
(Analysis with Au Ma and Cu ka) 


Alloy wt% Cu relative wt% Au relative 
measured error, % measured error, % 
20Cu80Au 20.1 +1.5 80.9 +1.0 
40Cu60Au 40.8 +320 62.9 +443 
60Cu40Au 61.3 +263 42.9 +7,0 
80Cu20Au 80.3 +0.6 aees +10.9 


average relative error 5.8% 


(b) Error in beam energy (1 keV high) 
(Analysis with Au Ma and Cu Ka) 


20Cu80Au 20,0 +1,0 80,4 +0.4 
40Cu60Au 40.4 +2.0 61.8 +2.4 
60Cu40Au 61.1 +2,0 41.3 +320 
80Cu20Au 80.3 +0.6 21.0 +4,5 


average relative error 2.0% 


(c) Selection of background regions 


Sample: SRM Fe-3,22% Si 
Beam: 20 keV, normal incidence 
Xeray emergence angle: 40 


Analysis wt% Si relative wt% Fe relative Comments on 
measured error, % measured error, % background 
1 3e2o +0.9 97.1 +023 Good locations, 
2.5 keV, 8.0 keV 
2 2.97 -7.9 97,0 +0.2 Low region on 


Fe escape peak 
High region 8.0 keV 


3 2.99 =-7,1 97.0 +0.2 Low region on 
roll-off, 1.3 keV 
High region 8.0 keV 


4 3.01 +9,0 97.2 +004 Both regions at 
high energy, 7.5 
and 9.5 keV 


the above cases the increase in the relative error caused by improper conditions may not 
seem excessive, the spectra used in this study are free from significant overlaps and the 
analyses involved x-ray energies in excess of 2 keV. In cases where significant peak over- 
lap or high absorption occurs, the errors introduced by improper analysis conditions can be 
expected to be considerably greater. 
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FIG. 1.--Scanning electron micrograph of a typical region on fractured gold-copper alloy. 


TABLE 4.--Analysis of rough surfaces. 


Beam: 20 keV, normal incidence on standards 
Alloy 40CuS50Au 
(Analvsis with Au La and Cu Ka) 


Analysis wt % Cu relative wt % Au relative 
measured error, % measured error, % 

1 29.9 ~24 34.8 ~42 

2 2309 -40 2265 ~63 

3 18,8 33 32.9 -45 

4 Bees #29 2067 a2 


Analyses normalized to 100%. 


1 46,2 +17 3307 #1} 
2 51.7 +31 48,2 =20 
3 36.0 @FL3 63.5 45,4 
4 49.6 +25 50.5 -16 
Alloy 20Cu80Au 
{Analysis with Au Le and Cu Ka) 
1 17.6 ~11 36.2 “55 
4 39,2 +98 106 +352 
3 2325 +19 30,0 -38 
4 2565 +28 98,0 =28 
Analyses normalized to 100% 
l Set +65 67.2 -16 
2 27,0 +36 73501 ~8.7 
3 31.8 +61 67.6 ~16 
4 30.4 +53 69.6 #13 


iach sample was analyzed in four different areas. 


2 36 
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QUANTITATIVE ANALYSIS BY (pz) CURVES 
J. D. Brown and W. H. Robinson 


The most popular correction procedure for quantitative analysis in use today is the 
ZAF technique. A measured intensity ratio is corrected for differences in electron stop- 
ping power, backscattering, x-ray absorption, and fluorescence when these phenomena differ 
in the specimen and the pure element standard. This technique has been obtained from sim- 
ple physical models which have grown in complexity to account for the available experi- 
mental evidence. Many of the parameters involved are not precisely known and models con- 
tinue to be introduced to increase the accuracy of analysis. 

An alternative method for quantitative analysis is available if the depth distribu- 
tion of primary X-ray production is known. As shown by Castaing,! the measured intensity 
ratio K for element A is 


( b, (ez)exp(-n," pz cosec b)d(pz) 
K, = ¥, $$$ _________— 1) 
f b,(ez)exp(-u,> pz cosec p)d{pz) 
ie) 


where $,(9z) and $¢g(pz) are the depth distribution of primary x-ray intensity for the spec- 
imen and the pure element standard, respectively; W, is the weight fraction of A in the 
specimen ; wah and ua are the mass absorption coefficients for the radiation of A in the 
specimen and in the standard; and p is the x-ray take-off angle. The equation above is 
exact and Wa may be calculated if $(pz) can be determined. An empirical formula (Eq. 2) 
suggested by Brown and Parobek? for low electron energies (less than 15 keV) accurately 
describes $¢(oz) for utilizing Eq. (1) and shows better agreement between calculated and 
known concentrations for analysis of standards reported in the literature. This formula 
for describing $(oz) curves has now been extended to higher electron energies of 15-30 
keV. Knowledge of four readily available parameters is required to determine the $(pz) 
function: atomic number Z, atomic Weight A, electron energy Eg, and the absorption edge 
energy E. for the characteristic line measured. 

The formulas that model the $¢(pz) curves are based on experimental evidence obtained 
with the sandwich sample technique proposed by Castaing and Descamps.? A tracer element 
is deposited at varying depths within a matrix element. The change in intensity from the 
tracer layer in the matrix as a function of depth when compared to a thick pure element 
standard indicates the shape of the $(pz) curve. The value of ¢(pz) at zero depth is the 
ratio of the intensity of the tracer layer on the matrix to intensity of an identical 
tracer layer that is isolated in space. Some experimentally determined values of $(0) are 
available in the literature as well as several models based on backscatter coefficient and 
overvoltage. Measured intensity ratios of the tracer in the matrix to a thick pure ele- 
ment standard are adjusted to the proper magnitude on the basis of the (0) value. 

Experimental ¢{pz) data measured by Brown and Parobek consist of the tracer and matrix 
elements shown in Table 1. The characteristic lines that were employed are indicated. 
Measurements are at normal incidence for electron energies of 15, 20, 25, and 30 keV. 
Intensity measurements were corrected for dead time, background, drift, and absorption by 
the overlying matrix layers. 


The authors are with the Faculty of Engineering Science and The Centre for Interdis- 
Ciplinary Studies in Chemical Physics, The University of Western Ontario, London, Canada. 
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TABLE 1.--Sandwich samples. 


Matrix 
Au Ag Cu Ay 
Bi Lo Lo Lo Lo 
Mo Ma. Ma, Ma. 
Cd La Lo La La 
Tracer 
Zn Ka Ka Ko 
Si Ka Ka Ka Ka 


The ¢(pz) curve may be modelled by the equation 


(R) = Dkn(KR)"™texp[-(kR)"] (2) 


where R = pz + pZg. The parameters D, K, n, and pzg are obtained from an optimizing 
routine known as Simplex that fits Eq. (2) to the expérimental data, so that the dif- 
ferences between the equation and the data are minimized. These parameters D, K, n, and 
pZq are then solved in terms of Z, A, Eg, and E, and are described by the following equa- 
tions: 


1.95 A BF 


1.32 i 


n= eS ee 
Z (Eo - E.) 


1-228 
5 


where B = 0.5409/E, F = 1+ [0.05199Z°-’/exp(0.0002Z2) J, and m = (15.6578/E,)9-2595; 


D = Q(Ep - OT 


where Q = 0.5945 E,!.4279-26 and P = 2.111(1.84/E,)9- 325; 


24 .487EgE°- +28 
Cc 
ee 


1 
+ 
71.259 ap DIST | 


The depth distribution of x-ray production for many systems has been calculated by 
means of the above equations. When applied to quantitative analysis by Eq. (1), the 
technique performs well. The parameters D, K, n, and pzg are determined by the average 
atomic number and atomic weight of the matrix, the electron energy, and the characteristic 
line measured. The $(pz) curve predicted from Eq. (2) may then be numerically integrated 
and used to predict the concentration Wa. This procedure has been compared with other 
methods of analysis compiled by Poole.* Typical results are shown in Table 2. 

The equations for predicting $(pz) curves for electron energies from 15 to 30 keV 
yield good results when applied to quantitative analysis and provide an attractive al- 
ternative to the popular ZAF techniques. 
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TABLE 2.--Comparison of relative errors of analysis. 


| Percentage relative errors using method of 


Specimen | Analytical | Ea | Wa This |Z and 0} Belk {Thomas | Duncumb| Smith 
| Paper : 
; 5 -3, +0. +0. -1. 


Cu Au 0 7 8 5 | -6.1 
-4, “tT |, 0 40.8] -4.5 | -10.1 

~4, nd 2:5). | 1s #1.3| -7.2 | -12.6 

aa 8 0°; =70.0.-1<13.8 

Ag Au -3. : , ~8.2 | -11.5 
-6. Bl 1st 1834 

<9, .}- 431s | -19.4 | -24.9 

| -5. .8{ -20.0 | -25.6 

A1,Ti PG. ait ah, 2) oy ae es 6 | 
-4, 6 | P38 -9.1 | -18.1 

5.2 | -29, 212-5: |: 215.2) ) 923.8 

-4, 5 | -18.3 | -25.4 

si, 2] - | 22.5 


3. R. Castaing and J. Descamps, J. Phys. Radium 16:304, 1960. 

4. D. M. Poole, "Progress in the correction for the atomic number effect," in 
K. F. J. Heinrich, Ed., Quantitative Eleetron Probe Microanalysis, Washington, D. C.: 
National Bureau of Standards, Special Publication 298, 1968. 
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QUANTITATIVE CARBON ANALYSIS FROM (pz) CURVES 
J. D. Brown, A. P. von Rosenstiel, and T. Krisch 


The usual methods of quantitative electron probe microanalysis based on the absorption 
correction of Philibert! and the atomic number correction of Philibert and Tixier? or Dun- 
cumb and Reed? become increasingly inaccurate as the electron energy and the characteristic 
line energy decrease. The situation is particularly bad for electron energies below 10 keV 
and wavelengths greater than 1.0 nm. As an alternate approach to quantitative analysis in 
this region we have used the equation of Parobek and Brown’ to calculate both the atomic 
number and absorption corrections in the analysis of carbides. 


Measurements 


Carbides of tungsten, iron, titanium, chromium, boron, and molybdenum were prepared as 
standards by precipitating the known carbide phases from the pure element into which carbon 
was dissolved at high temperature. The characteristic x-ray intensities were measured in 
an ARL electron microprobe at 6, 8, 10, and 12.5 keV. An oxygen gas jet was used to pre- 
vent the build-up of carbon during the analysis. Pure element standards were used for all 
elements except for carbon and boron. For the carbon, Fe3C was used as standard. No mea- 
surements were made on the BKa line. A summary of the relative intensities measured for 
each carbide is given in Table 1. 


TABLE 1.--Measured relative intensities corrected for background and dead time. 


Relative Intensities 


0.888 925 
0 


(om SE o> EE > ot? © > © 
ooo oowndnao- Of] 


*CK Measured relative to the intensity from FeC 


J. D. Brown is in Engineering Science at the University of Western Ontario in London; 


A. P. von Rosenstiel and T. Krisch are with the Metaalinstituut TNO, Apeldoorn, The Nether- 
lands. 
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Cateutattons 


A computer program was written in FORTRAN to calculate relative intensities from com- 
position and measurement parameters based on the $(pz) equation of Parobek and Brown. 
The relative intensity for each line is calculated by numeric integration of the (pz) 
equation over 100 increments of depth in the specimen. To obtain the final concentrations. 
iterations are performed by means of a hyperbolic approximation” to obtain agreement be- 
tween calculated and measured relative intensities. Features of the program include the 
provision for up to 10 elements in a specimen, calculations using compound standards, the 
possibility of determining one element by difference, and internal caiculation of mass- 
absorption coefficients based on the coefficients of Heinrich.® 

A major problem in any analysis of carbon compounds is the choice of mass absorption 
coefficients for the CKa line. Table 2 lists the values used in this paper. These are 
taken from the plot of u/p versus atomic number in a compilation of published data of 
Weisweiler.’ 


TABLE 2.--Mass absorption coefficients for carbon Ka line. 


Absorber u/e (cm*/g) 
B 33000 
c 2280 
Ti 6550 
Cr 10500 
Fe 11500 
Mo 12500 
W 10000 


Results and Dtscussion 


The results of the calculations show that when the absorption coefficient is very larg 
only x rays generated very near the surface of the specimen manage to escape and the most 
important factor affecting the observed intensity is the magnitude of the mass absorption 
coefficient. That is particularly important when considering the calculation for the car- 
bon Ka line. For the characteristic line of the metallic elements, the absorption in car- 
bon is generally less than in the element itself. On the basis of absorption alone, one 
expects a relative intensity that is greater than the weight fraction. However, the off- 
setting factor, which is the atomic number effect, dominates for many of the carbides, as 
can be seen in Table 1. Good agreement has been obtained between the known stoichiometric 
concentrations and the calculated concentrations by this approach. The method will be ap- 
plied to mixed carbides where stoichiometry is unknown as an aid in understanding the for- 
mation and composition of carbides in low-alloy steels. 
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ANALYSIS OF PARTICLES AND ROUGH SAMPLES BY FRAME P, A ZAF METHOD INCORPORATING 
_ PEAK-TO~BACKGROUND MEASUREMENTS 


J. A. Small, D. E. Newbury, and R. L. Myklebust 


The ideal specimen for electron probe microanalysis has the form of a bulk solid with 
a flat, polished surface. When samples are analyzed that deviate from this condition, 
such as small particles or specimens with rough surface topography, large errors in the 
composition calculated from a ZAF method can arise, frequently exceeding 50% relative. ! 
Moreover, normalization of the results by forcing of the sum of the elements to 100% can 
sometimes actually increase the relative errors. Nevertheless, there is great interest 
in the quantitative analysis of particles and rough samples because of their importance in 
technology and the environmental sciences. 

Providing instrumental conditions are kept constant, the x-ray intensities measured on 
a flat, bulk sample vary for compositional reasons only. However, for a particle or rough 
surface geometrical factors, including size and shape of the sample relative to the elec- 
tron interaction volume and x-ray emergence angle, can also strongly affect the measured 
Signals. Previous attempts to generalize ZAF methods to such objects have generally pro- 
duced complicated analytical models that require significant subjective operator input, 
such as estimation of the shape of the object.2 Recently, a new method for compensation 
of the geometrical effects has been independently suggested by Small et al.? and Statham 
and Pawley.t This method is based on the observation that, to a first approximation, the 
ratio of a characteristic x-ray peak to the continuum intensity of the same energy for a 
flat, bulk target is equivalent to the ratio from a particle or rough surface of the same 
composition: 


(P/B) = (P/B), a (1) 


particle 


where P is the background-corrected peak and B is the continuum intensity for the same 
energy window as the peak. We have incorporated Eq. (1) into a standard ZAF method, FRAME 
C, in the following manner.?»° A modified peak intensity P* is determined that would be 
the intensity observed in the absence of geometrical effects (i.e., if the particle or 
rough surface could be transformed into a flat, polished target): 

Pp* 


= Poulk 7 Poarticle . Bouik’ ®particie 2) 


where Pho ptical 224 Bpartical are measured intensities of the characteristic and continuum 
X rays at éach energy of interest in the spectrum of the unknown. BL], cannot be directly 
measured since, in general, the analyst has no bulk solid of the same composition of the 
unknown; Bhyj_ is estimated as part of the iterative loop of a ZAF scheme from the current 
estimate of the concentration Cj: 


Poutk ~ 7) aPi,e (3) 
where Bj £ is the continuum from a pure element standard at the energy, E, of interest. 
A k value corrected for geometric effects, k*, is finally calculated as: 


k* = P*/P (4) 


standard ~ Poarticle’ standard . Bhulk/ Bparticle 


The authors are with the Center for Analytical Chemistry, National Bureau of Standards 
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Various methods for evaluating Eq. (3) are currently being tested. In the simplest 
approach, the pure-element continuum spectra are directly measured. In more elaborate 
and more flexible schemes, mathematical descriptions of the continuum generation as a func- 
tion of beam energy, continuum energy, and atomic number are being tested. 


Results 


Several preliminary results have been obtained that indicate the potential of the peak- 
to-background method. 


Parttcles. Various types of mineral particles have been analyzed with the peak-to- 
background method. The results of these analyses are reported in Table 1, along with the 
results determined with the conventional ZAF routine, FRAME C, In all cases the analyses 


TABLE 1.--Analysis of mineral particles with FRAME P and FRAME C. 


“Tale Particles(15kV 40° Take-Off-Angle) = $= [| © 


Stoic* 

FRAME C 0,103+0.057 0.15840.087 -47, 
FRAME P 0.185+0.009 0,29040.016 - 3, 
Stoic* 0.534 0.466 

FRAME C 0.399+0.081 0,358+0.067 -23,. 
FRAME P 0.529+0,.024 0,.464+0,029 - 0.4 


ZnS__ Particles(20kV 40° T ake-0ff-Angle) 


wt. frac. )to_ |Rel. Error(%) | Zn(wt.frac.)to | Rel. Error(’) 


Stoic* 0.329 0.671 
FRAME C 0.303+0.046 - 8, 9.55140.064 -18, 
FRAME P 0,360+0.027 + 9, 0.6/76+0,049 ! - 0,/ 


*Stoichiometric concentration. 
Lines used: Mg K, Si K, S K, Fe Ka, Zn Ka 


with FRAME P are within a 10% relative error of the stoicheometric values. In contrast, 
the errors with FRAME C range from 7.9% for S in ZnS to 47% for Mg and Si in talc. In 
addition, the standard deviations for individual measurements are less for FRAME P than 
they are for FRAME C. 


Rough Surfaces. To test FRAME P on rough surfaces, specimens were needed that were 
homogeneous on the micrometer scale to eliminate any possible composition variation. To 
achieve this condition, samples of NBS Standard Reference Material Microprobe Standards 
(Au-Cu alloys, Fe-3.22%Si) were fractured, which produced rough surfaces such as those 
shown in Fig. 1. Several analyses from these samples are listed in Table 2. These analy- 
ses demonstrate the large errors that can be observed in the analysis of a rough surface 
with a conventiaonal ZAF routine that does not incorporate geometrical corrections. The 
errors are still substantial, even after normalization, which occasionally makes the errors 
greater. Geometrical correction by the peak-to-background method leads to significant im- 
provement. 


TABLE 2.--Analysis of fracture surfaces. 


Analysis 


Analysis 
Au 
Cu 


Analysis 1 
Au 
Cu 
Analysis 2 
Au 
Cu 


Analysis 1 
Fe 
Si 
Analysis 2 
Fe 
Si 


Instrumental conditions: 20kV 40° Take-Off-Angle. 
Lines used: Au Ma, Cu Ka, Si K, Fe Ka. 


FRAME P consists of a relatively minor alteration to the conventional ZAF routine, 
FRAME C, and requires no additional input beyond that required for a conventional analy- 
sis. The results from the analysis on both mineral particles and rough surfaces are in 
good agreement with known compositions and in most cases show a definite improvement over 
the results determined by FRAME C. 
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FIG. 1.--Secondary-electron images of rough surfaces analyzed by FRAME P. 
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A ZAF PROCEDURE FOR MICROPROBE ANALYSIS BASED ON MEASUREMENT OF PEAK-TO-BACKGROUND RATIOS 
P. J. Statham 


In conventional microprobe analysis, the atomic number, absorption, and fluorescence 
(ZAF) corrections applied to characteristic line intensities are subject to uncertainties 
in both the theory and the fundamental parameters used to evaluate correction formulae. 

We achieve accuracy by arranging experimental conditions so as to minimize the magnitude 
of the required correction, or by use of standards similar in composition to the sample. 

In situations where absorption is severe, or where aa topography is complex, detailed in- 
vestigation can lead to improved correction models,!s2 but the dependence on fundamental 
parameters such as absorption coefficients and the “necessity to define geometry precisely 
still remain. With electron-beam excitation, the bremsstrahlung background typically con- 
stitutes about 50% of the total emitted intensity and the potential for using ae signal 
in microanalysis has already been recognized. 3 

Since the ratio of characteristic to continuous radiation intensity is less sensitive 
to absorption and backscatter effects than the characteristic intensity alone, a ZAF pro- 
cedure based on peak-to-local-background ratios (P/B) rather than peak intensities should 
involve smaller (and therefore less critical) correction factors. As a starting point, an 
apparent concentration, C;' is defined for element i from measurements on both the specimen 
and a standard of known composition: 


Spec 


(F/B) Std 
wee Sta SG (1) 
(P/B) ; 
C,! is related to the true concentration C; by 
Std 
(fo api 
C, = C,' oF (2) 
( ZAF* i 


where the correction factor f7,;p, can be considered as the product f7.f,.fp, as in the con- 
ventional procedure. These factors are discussed below in relation to the analysis of bulk 
samples. 


Atomte Number Correction 


The atomic number correction f7 is most significant in the P/B approach because the in- 
tensity of the continuum is directly affected by the overall matrix composition, whereas 
characteristic line intensities are primarily governed by the concentrations of component 
elements. According to me Sommerfeld theory,° the bremsstrahlung intensity from a thin 
foil is proportional to Z*. For every increment of path length in a bulk specimen, the 
intensity scales in the same way and in a compound is therefore proportional to the mean 
Z*, weighted according to the atomic concentrations of the constituents or equivalently to 
a 'g-factor" defined by 


= 2 
Espec = : yes /A; (3) 


The author is with Link Systems Ltd., Halifax Road, High Wycombe, Bucks, England 
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where A; is the atomic weight of element i, 
The average intensity along an electron path is given by 


[o,¢x = [ ee 


path (4) 


where Q, is the cross section for continuum generation, E, is the energy of the x rays of 
interest, Eg is the incident electron energy in keV, and S is the "stopping power" given 
by the Bethe expression 

1 


= 7.85 x 10% 25 in(1.166E/J) (5) 


The product (058/25) can be fairly well represented by a universal function of E,/E which 
varies quite slowly with energy.? Thus, the argument of the integral in Eq. (4) is again 
a slow function of energy, which suggests that the "stopping power correction" can be sim- 
ply evaluated at a mean energy E = (Eg + E yrif2 as is commonly done in ZAF correction 
schemes. In the absence of backscatter and absorption effects, Eqs. (3) and (5) imply 
that the intensity of the continuum for pure elements is thus siven by 


Z 
Ly In(lor.4 £7) (6) 
where the approximation J = 11.5Z eV has been used for the "mean ionization potential." 

In Fig. 1, this formula is compared with experimental ee of Rao-Sahib and 
Wittry!® and an empirical formula proposed by Smith et al.!! for the case of 1lkeV con- 
tinuum radiation excited by a 20kV electron beam. For these conditions, Eq. (6) appears 
to predict the Z variation fairly well, and although more results are obviously needed to 
check the dependence (particularly for E < Z/10, where the formula is more suspect), the 
use of a simple stopping-power correction seems justified. Therefore, when the ratio of 
characteristic to continuum radiation is considered, the respective stopping-power factors 
will be assumed to cancel, leaving only the g-factor for continuum generation. 

For cnetactertaet radiation, eTectron: of energy E produce radiation intensity pro- 
portional to (U - 1)!-®3, where ee E/E,,'* whereas for continuum radiation, the same elec- 
trons produce intensity proportional to 7 - 1), where Ut = E/E.,*° and E,, in most cases 
close to the critical excitation potential E.. Therefore, the ratio of fractional losses 
due to backscattering is given by 


[" 
ere | GY (ots ty dE Lt Ea) 


EY dE 
1 - R. 7 1h (7) 
dan ay _ 471.63 U - 11°63 
E, de (U - 1) dE | /( 1) 


where R,, and R, are the backscatter correction factors for continuum and characteristic 
radiation, respecte, and (dn/dE) is the differential Dacks cer reriny coefficient. Work- 
ing from this equation, calculated values of Ry 10 and Ro 14 and observations made by Love 
et al.!° on the backscatter correction, one can derive the following relationship: 


1-R. 0.63 
cen ea R 5 : ~ | (0.79 + 0.44E /#) (8) 


where n is the backscatter coefficient for the specimen. Thus, the ratio R./R, can be 
calculated from an estimate of the backscatter correction for characteristic radiation 
Re, and the overall atomic number correction is then given by 
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Re 
f, = g Rg (9) 
spec wW 


Absorption 


The mean depth for production of brems- 
strahlung exceeds that for characteristic 
radiation because the ratio of cross sections 
is greater for low electron energies. The 
parameter concerned with electron penetra- 
tion in the absorption correction formula 
should therefore be increased? and Monte 
Carlo calculations!® affirm that the ratio 
of absorption corrections can be adequately 
represented by the formula!” 


—__ 24 
In(101.4E/Z)} 


intensity (Arbitrary units) 


fF, = fQ0-/fOQ0w 
iG =13.2 
_ 1+ 3.34 x 107®x + 5.59 x 10-*°x (10) 
1 + 3.00 x 10°§x + 4.50 x 10713x?2 


where x = (u/p) cosec p (Ept*&9 - ce 
y is the effective take-off angle for x rays, 
and (u/p) is the mass absorption coefficient 
in cm2/g. 
10 20 30 40 50 90 

Atomic Number Z Fluorescence 


Since there is no fluorescence effect to 
consider for bremsstrahlung, the fluorescence 
correction is the same as for characteristic 
radiation and the formulas suggested by Reed!8 
can be used for fp when fluorescence by the 
continuum is negligible. 


FIG. 1.--Atomic number dependence of contin- 
uum intensity for 1lkeV photons excited by 
20kV incident electrons. Experienced data 
(+) of Rao-Sahib and Wittry!° are compared 
with eit ca) formula Z™ suggested by Smith 
et al.,'! where n = 1.159 + (0.1239 - 0.02857 
In Eg) (E,) - 2.044), and the theoretical for- 
mula Z/in(101.4 E/Z) given by Eq. (6) in 
text, where E = (Eg + E.)/2 = 15.5 kev. Because of the difference in cross sec- 
tions, (P/B) is greater for a small particle 
or thin film than for a bulk specimen.° In terms of the present discussion, this difference 
is due to the change in R-/R,, since the backscattered electron distribution is drastically 
altered when electrons are lost by transmission as well as reflection. Ideally, one would 
attempt to adjust R./R, according to the mass thickness of the sample, but we can obtain 
satisfactory results by using particle standards and ignoring the backscatter effect.° 
Both the absorption and fluorescence corrections should also contain terms to accommodate 
different particle sizes, since no corrections are needed for very small particles. In- 
deed application of an inappropriate fluorescence correction can give errors as high as 6% 
relative, as shown by Small et al. In summary, the overall correction factor varies from 
1/g x (R,/R,) for small particles and thin films to fzap for bulk specimens. 


Modifications for Particle Analysts 


Antsotropy 


The bremsstrahlung radiation distribution is peaked in the forward beam direction for 
thin films and small particles, and anisotropy is still likely to be apparent in the radia- 
tion from bulk specimens. The Z*-dependence of intensity (Eq. 3) arises from considera- 
tion of the total radiated continuum; it is likely that the form of the Z2-dependence will 
be a function of the incident-beam/sample/detector configuration. Although it is desirable 
to view the specimen from the same side as the incident beam to improve the peak-to-back- 
ground ratio and hence detection limits for trace elements, there may be some justification 
in placing the detector heneath the specimen in order to accentuate the background for the 
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P/B approach. 


Iteratton Procedure 


Since the major part of the correction involves a scaling of all observed intensities 
according to the g-factor, a normalized set of apparent concentrations will be very close 
to the true composition and straightforward substitution of the results of one calculation 
as input for the next iteration leads to rapid convergence. However, if normalization is 
not possible because one element is determined by difference, then a little manipulation 
shows that the concentration of the difference element (subscript m) should be calculated 
by 


= t ' 
C= ‘ Feimt * oy 7 
7 1 = t t 
i (, Seimt)? Cs os 


(11) 


where gejmt is the average g-factor for the measured elements, f;' is the overall correc- 
tion factor with the gsnec term removed, and the sums are over all measured elements. A 
further consideration is the propagation of errors: if the specimen is composed of a mea- 
sured element i and an element to be determined by difference, then 


to a fair approximation and the relative error in concentration is thus given by 


AC,  A(P/B) 85 
om [aC ) °0 


where the relative error in (P/B) measurement is enhanced or attenuated by a term depen- 
dent on the atomic numbers of the two elements. If a heavy element is embedded in a light 
matrix, (P/B) rapidly approaches the pure element value as Cj is increased; so it is un- 
derstandable why a small error in P/B should give a large error in Cj at large concentra- 
tions. The propagation of errors in a general situation is more complicated and will not 
be discussed here, save to mention that since absolute (rather than normalized) concentra- 
tion estimates approximately depend on the mean atomic number of the specimen, considera- 
tion of error propagation is more important in the (P/B) method than in the conventional 
ZAF approach where estimates are relatively insensitive to the average composition. 


Experimental Measurements 


The P/B approach depends on the measurement of the bremsstrahlung intensity from the 
specimen alone. In particle analysis, supporting the particles on a thin film essentially 
removes the interference of continuum from the substrate,°’® but the biggest potential pro 
lem with any sample is stray radiation produced by backscattered electrons or electrons 
that fall outside the probe spot.!9 With a crystal spectrometer, measurement of the back- 
ground near to the characteristic line is facilitated by good resolution and the focusing 
geometry is an advantage, although stray background can still be significant.!3 With an 
energy-dispersive spectrometer, the problem of poor resolution can be tackled by spectrum 
processing ,°°’**° but the large solid angle for x-ray detection enhances the stray radia- 
tion problem. Backscattered electrons can excite bremsstrahlung in the beryllium detector 
window!® and can pass through to the active region; an extreme example is given by Fiori 
arid Newbury.2! Figure 2 shows the effect of placing a 4ym-thick Mylar film in front of a 
Si(Li) detector with a 7.5um Be window. At 30 kV roughly half the observed background is 
due to transmitted electrons, and even at 20 kV enough electrons get through to excite a 
substantial silicon peak from the dead layer. Since roughly 1000 times as many backscat- 
tered electrons approach the detector as do x rays, the detector window cannot be very 
thin unless an electron trap is used.?2>23 

Measurements on a series of energy-dispersive spectra of ilmenite showed that the (P/E 
approach can give analytical accuracies better than +10% relative even with a rough surfac 
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and undefined geometry when a conventional ZAF approach gives errors of up to 30%.’ How- 
ever, the above theory predicts a small increase in (P/B) at low tilt angles, whereas the 
measurements showed a decrease. This decrease is consistent with a stray component of 
radiation produced by “beam-tailing'!% and exemplifies the need for tight collumation and 
a "clean" electron column when one tries to make measurements of the background. 


Dtscusston 


In Table 1, the correction factors for magnesium in a bulk sample of ilmenite have 
been evaluated for various tilt angles. The conventional ZAF factors for absorption f(x), 
clearly involve much larger corrections than the equivalent factors for (P/B) ratios. 


TABLE 1.--Correction factors for magnesium in a sample of ilmenite. (Mg 4.67%, Ti 29.85%, 
Fe 30.62%, Cr 0.99%, Mn 0.29%, 0 33.6%) excited by 20kV electrons. Tilt is angle between 
electron beam and normal to specimen surface; detector direction is perpendicular to elec- 
tron beam. Symbols for absorption and backscatter corrections are described in text. 


Therefore, if there was no error in measurement, a ZAF procedure based on (P/B) ratios 
would be more accurate and less dependent on fundamental parameter values than the con- 
ventional ZAF procedure. To date it has been demonstrated that (P/B) measurements can 
grossly simplify problems where the x-ray distribution cannot be easily defined, as in 
particle analysis. Since ratios rather than absolute intensities are involved, there is 
no need to monitor or control the probe current or counting time. Moreover, the ratio of 
intensities is unaffected by the presence of material between probe spot and detector, be 
it the beryllium window or a projecting piece of the sample itself. It remains to be seer 
whether the experimental problems of stray radiation and background measurement can be 
solved so that these advantages can be exploited. 
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RAPID QUANTITATIVE ANALYSIS OF INDIVIDUAL PARTICLES BY ENERGY-DISPERSIVE SPECTROMETRY 
Gary D. Aden and Peter R. Buseck 


The analytical scanning electron microscope (SEM) is an extremely powerful tool for 
the study of particulate air pollutants. The most rapid and efficient means of analyzing 
small particles (0.05-10 um) on the SEM is by energy-dispersive spectrometry (EDS). Quan- 
titative EDS, although still not routine, has been shown to be a potentially accurate 
method of analyzing thick flat materials.! This method has two distinct advantates for 
particle analysis in that it can be used at low beam currents (about 1 nA), which allows 
reasonable imaging of the smaller particles (about 0.1 um), and the spectra for all ele- 
ments from Na to U can be collected simultaneously. 

The main drawbacks of quantitative analysis by EDS occur in the data processing .2>9 
Accurate background subtraction routines are required in order to remove the large con- 
tribution to the spectrum by the bremsstrahlung (BSS), In addition, deconvolution rou- 
tines must be employed to correct for the severe x-ray line overlaps caused by the rela- 
tively poor resolution of the detector. Programs that perform both of these procedures 
are quite lengthy and can require many minutes of computational time per element per sam- 
ple, when run on a minicomputer.* 

These algorithms, though accurate, are too slow to be useful for routine particle anal 
yses. This paper describes a new particle-analysis procedure capable of background sub- 
traction over the entire spectrum and of fitting the x-ray peaks for a 15-element sample 
in under 2 min. It consists of TWIST, a relatively simple, fast, and yet accurate routine 
for background subtraction, and QKFIT, a linear least-squares fitting routine that uses 
simplifications designed to increase the speed of analysis. All data were collected on a 
JEOL JSM-35 scanning electron microscope with a PGT-1000 detector, analyzer, and 32K com- 
puter with four floppy-disk drives. 

The TWIST procedure is based on two main approximations, The first assumes that the 
background for a complex sample can be constructed by addition of the percentage of BSS 
contributed by its element or oxide components, 


BSS. ample a : Xs BSS - omponents (1) 


where X; is the weight fraction of the component i in the sample. For example, one can 
calculate the BSS for the mineral olivine, (Fe,Mg)5Si0,, by adding the appropriate weight 
fractions of BSSy,g, BSSp.g, and BSSsioo. 

Figure 1 shows a comparison of the theoretically calculated BSS to the 'mixed' oxide 
BSS for olivine. For particles, the mixed background must also include the ESS contribute 
by the substrate. Although the calculation of theoretical backgrounds is very slow, a mix 
background requires only simple vector additions of precalculated backgrounds and is per- 
formed in a few seconds. 

Although this procedure is fast and accurate for samples containing few elements, it 
is impractical to store calculated backgrounds for all elements that might be analyzed. A 
second approximation is made that avoids this storage requirement. The spectrum can be 
treated in two parts, below and above 2 keV. The shape of the background at energies 
below 2 keV is most strongly affected by elements whose absorption edges also lie below 
2 keV. A mixed background must thus be used in this region. The background above 2 keV 
follows a relatively smooth curve, and can be modeled fairly accurately by a linear extra- 
polation between many background points. One can achieve an even better fit by ‘twisting’ 
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an already calculated: background to fit to 
just a few background points. With this 
'twisting' procedure (described below) it 
is necessary to include backgrounds only 
for significant elements whose x-ray lines 
fall below 2 keV (Mg, Al, and Si) plus the 
background from the carbon substrate. 

The following procedure is used to carry 
out the BSS generation. Spectra from four 
thick flat samples of C, MgO, Alo03, and 
Si09 are collected at a given beam current. 
The peak-to-background ratio (P/B) is deter- 
mined for the Mg, Al. and Si peaks, and a 
theoretical background is calculated for 
each spectrum by a modified Ware-Reed and 
Lifshin approach.°»® The P/B ratio from 
sample to standard, for a given component 
~} is then used to estimate the weight frac- 
tions of the oxides or, if element standards 
are used, elements in the sample. If we 
allow the carbon BSS to make up the remain- 
der of the background, we have for Eq. (1) 


FIG, 1.--Comparison of calculated background 
(dotted line) to mix background (shaded) for 
spectrum of springwater divine (dark line)-- 
44% MgO, 39% SiO», 17% FeO, by weight. 
— — i v q A 
B(E) [1 Ove + Xay + Xo )]°B(E) 


tos fe 
carbon * yg’ "BE )ygol + Xqy'*BE) a1 04! 


where B(E) is the intensity of the background at energy E and Xj is. the appropriate weight 
fraction for component i defined as 


(P/B). 
oe ORY (3) 
Z i standard 


This mix background, since it is only an approximation, must be force-fitted (twisted) 
to the sample spectrum. This fitting is done by choosing three or more background points 
on the sample spectrum, to be used as comparison points to the mix background. For a given 
spectrum between pairs of these points E, and Ej, the scale and the slope of the background 
spectrum is varied in a linear fashion such that I(E,)sammie is set equal to B(E,) and 
I(Eo)sample is set equal to B(E>). This adjustment is made by determination of the equa- 
tion for a line between these two energy points for the sample and then multiplication of 
the old background B by this equation. The parameters for the line are 


T()) T(E) 


: 2 ‘sample _ sample 
Slope: m= Bj) B(Eo) (4) 
1 Op pee 
1 
Intercept: b = Tce a re (m « Ej) (5) 
The new background B' then becomes 
B'(E) = [(m+ E) + b] + BCE) (6) 


In effect, this procedure rotates the background spectrum so that the imaginary lines that 
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can be drawn between points E, and E2 on the sample and background spectra have the 
same slope (Fig. 2). 

The TWIST routine was tested on a variety 
of oxide, sulfide, and silicate samples with 
excellent results obtained on most samples 
(Fig. 3). These tests included both particle 
and thick flat samples, most of which only 
contain elements from Na to Zn. It was found 
that it is unnecessary to perform the 'mix' I 
calculation for particles whose diameter is 
smaller than 1 um, as a 'twisted' carbon 
spectrum provides sufficiently accurate 
background. Care must be taken that the 
background is not being extremely con- 
torted to fit the sample spectrum. The 
fit can be considered good as long as 
the slope m remains within +0.0001 of 0, “s . = 4 
the best fit value. ENERGY (xeU) 

The final step in the procedure involves 
the linear least-squares fitting deconvolu- 
tion routine.’ The QKFIT routine utilizes a 
Simple idea to achieve a four-fold reduction 
in computational time. The linear least- 
squares fit routine, for n elements, requires Ae , : 
the solving of n linear equations over j, the t‘WiSting has on Si dead-layer absorption 
number of x-ray channels in each of n fitting Cdge (1-84 keV). 
regions. This process involves iterative matrix inversions until a best fit is determined 
and takes considerable time even if programed in machine language. However, performing 
this process for n/2 elements takes little over one-fourth the time because both the numbe: 
of elements and the number of channels is decreased. Therefore, by performing the least- 
squares fit by parts, including only those elements in each fit that have significant over. 
lap, one can achieve a major reduction in processing time. 

To compare the two procedures, several air-pollution samples were analyzed for fourtee: 
elements--Na, Mg, Al, Si, S, Cl, K, Ca, Ti, Cr, Mn, Fe, Cu, and Zn. A fitting routine for 
all elements was compared to a routine where the fitting was performed in a 6/4/4 fashion: 


PIG. 2.--The effect of 'twisting' carbon 
spectrum (curve 2) by changing slope me 
around point 2.94 keV, as described in 
text. (Curve 1: m = 0.0003; curve 3: 

m = -0.0003.) Note effect that drastic” 


6: Na, Mg, Al, Si -K-overlaps 

Na, Cu, Zn -K, L-overlaps 
4; S53 Cl, K, Ca -Ky, Kg-overlaps 
4: Mn, Fe, Cu, Zn -K,, Kg-overlaps 


The fourteen-element fit requires over 5 min of computation time; the 6/4/4 fit is com 
pleted in under 90 sec. A comparison of the k-values returned by the two methods shows 
that negligible error is produced by fitting in this manner as long as there are truly no 
unaccounted overlaps. Such overlaps could result from sum peaks, escape peaks, incomplete 
charge collection, or poor background subtraction. 

In summary, two rapid routines for particle analysis have been tested. The TWIST rou- 
tine for background subtraction works well for the analysis of K-lines of Na to Zn for mos 
particles and some thick flat samples. The QKFIT routine is a simplification of a linear 
least-squares fitting routine that allows a four-fold reduction in computing time for sam- 
ples containing large numbers of elements. These routines take an unprocessed EDS spec- 
trum and return element K-values which must then be used in a particle, atomic number, ab- 
sorption, and fluorescence correction scheme (PZAF). Currently the most flexible PZAF 
routine is the Armstrong and Buseck program, ARMSTG,® which is written for use on a large 
computer. Approximations are being investigated that will, it is hoped, allow this progra 
to be used also on a minicomputer. 
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(c) (d) 


FIG. 3.--Selected examples of TWIST background correction for various particle diameters 
and compositions. Note close matches between experimental spectra (shaded) and calculated 
mix backgrounds (solid outline). All samples were run at 15 kV, 35°; with 0.912, 4.24, 
and 7.5 keV as background points. (a) Orthoclase particle, 3.lu dia., containing 3.79% 
Na, 9.87% Al, 30.2% Si, 7.77% K, 1.43% Ba, 46.4% O by weight; (b) Hornblende, thick flat, 
containing 2.30% Na, 5.91% Mg, 7.25% Al, 19.0% Si, 0.91% K, 7.22% Ca, 2.82% Ti, 12.1% Fe, 
41.1% 0; (c) Hornblende particle, 0.33, dia.; inset is spectrum after background subtrac- 
tion; (d) FeO particle, 2.0y dia., containing 77.7% Fe, 22.3% 0. 
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QUANTITATIVE ANALYSIS OF MULTIPHASE SAMPLES 
John C. Russ 


Quantitative analysis of specimens to determine their average or bulk composition is 
often carried out by SEM/microprobe techniques, sometimes without regard to the fact that 
the sample may not be homogeneous. The usual procedure, naively applied, is to scan a 
large area to average over the various phases. As an example of this case, we were re- 
cently asked to perform quantitative analysis for elemental composition on a metal sample. 
The sample contained Al, V, Ni, Mo, and Re; each of these pure elements was provided along 
with the unknown in a single, polished mount.! 

The sample was analyzed at 25 kV, 20° inclination, with the EDAX detector located 16° 
above the horizontal at an azimuthal angle of 40°. Three widely spaced locations on each 
pure standard and five widely spaced locations on the alloy specimen were analyzed, and 
each spectrum was processed by means of software* that automatically removes escape peaks, 
fits a quasi-theoretical background to a series of selected points, and uses simultaneous 
least-squares fits of generated non-Gaussian peaks for all the major and minor lines of 
each line for each element (including minor lines down to 1% relative height). The anal- 
ysis of each location was obtained by a continuous scanning of the beam over an area 
roughly 20 um square. The intensity data (in cps) for the standards and unknown are sum- 
marized in Table 1, along with the concentrations in weight and atomic percent calculated 
by the COR2 ZAF program,? adapted to run in a minicomputer. 


TABLE 1.--Intensities (cps) on pure and alloy specimens, and ZAF calculations. 


element: Al (K) V (K) Ni (K) Mo (L) Re (L) 


pure #1 2219.00 


2365.18 | 1444.02 | 1879.31 770.17% 

pure #2 2257.92 | 2491.39 | 1506.98 | 1871.28 ; 1009.56 
pure #3 2232.85 | 2386.02 | 1487.68 | 1839.60 ee 
average 2236.59 | 2414.20 | 1479.56 | 1863.40 | 1004.36 
alloy # 1 36.77 41.60 933.90 423.35 7.32 
alloy # 2 35.57 39.55 930.19 422.76 6.13 
alloy # 3 35.91 38.06 909.07 411.31 9.76 
alloy # 4 36.24 39.63 926.92 424.59 7.06 
alloy # 5 35.52 39.39 924.71 425.97 TAZ 
average 36.00 39.65 924.96 421.60 7.48 
weight % 5.46 1.86 62.52 31.96 0.97 
atomic % 12.33 2.22 20.28 


totalo(% rel.) 1.7 


note: sum of calculated weight percent = 102.78 
* omitted from average 


While data were being taken it was noticed that the samples had a very definite micro- 
structure. Figure 1 shows the typical appearance of the polished surface, with bright 
areas about 0.75 um on a side, surrounded by a darker gray phase, each region of which 
was distinct from its neighbors and sometimes separated by a shallow depression probably 
caused by differential polishing or etching. The sample, in other words, appeared to be 
a cross section through a directionally solidified eutectic structure. Clearly, the 
phases had a different composition. Equally clearly, the inherent assumptions of the ZAF 
model were not being met--the sample was not homogeneous on a fine enough scale to cause 
the x rays from each element to pass through a representative mixture of atoms of the other 
elements, so that absorption and secondary fluorescence depended on average composition. 
For example, an "average" analysis of a scan covering equal areas of five pure elements 
should require no ZAF correction at all, and should give 20% of each element. 


The author is at EDAX Laboratories, Prairie View, IL 60069. 
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FIG, 1.--SEMicrograph. (5000x) of typical region of specimen, showing bright phase sur- 
rounded by gray matrix. 


Although we reported the data of Table 1 (along with similar data for several other 
samples, which did appear to be homogeneous), it was not possible to stop there, since 
the reported concentrations were not meaningful. The correct method to obtain average 
bulk concentrations on inhomogeneous samples is quantitatively to analyze the composition 
of each phase, and then add the results for the several phases together in proportion to 
the respective volume fractions. 

To do that, we first measured energy-dispersive spectra on five of the bright squares, 
carefully centering a stationary beam on each one, and on five matrix regions (avoiding 
pits and other irregularities). Processing these spectra in the same way as already de- 
scribed, we obtained estimates of composition for each phase (Table 2). For the ZAF cal- 
culations using COR2, the pure element intensities from Table 1 were used, multiplied by 
the ratio of beam current; a smaller spot size (160 A) was needed to achieve adequate 
image resolution to select individual phases at magnifications of 10 000x. The factor 
used was 0.2505. Analysis times of 200 sec were used to obtain adequate statistics. 

Since the excited volume is roughly the same size as the size of the phases, these con- 
centration values cannot be considered fully accurate (as can be seen in the variation of 
intensities among the five points); however, for our purposes they are preferable to an 
overall average. 

To measure the volume fraction of each phase, we used a program which performs simul- 
taneous least-squares fits of library (stored) spectra. Although this is not the correct 
technique to obtain net intensities or K-ratios for elements in a homogeneous mixture, the 
program is a correct way to measure volume fractions. The spectrum measured while the 
beam is continuously scanning over a large area containing multiple phases is a linear 
combination of the individual spectra (peaks and background) from each separate phase. 
Furthermore, the total spectrum can be expressed as a sum of each individual phase's spec- 
trum times a fractional constant, and the constant for each phase is just the area frac- 
tion which the phase represents of the total area acanned.° The latter equality assumes 
only that the total system count rate remains essentially the same on the various phases 
so that the dead time does not change, so as artificially to reduce the relative contribu- 
tion of the higher count rate phase; in this case the total system count rate was held 
below 1000 cps by the need to keep the beam small for adequate image resolution, and in 
any case the count rate on the bright and gray phases was virtually the same. The area 
fractions of phases on a surface through a random structure is the same as the volume 
fractions of the phases. 

Figure 2 shows representative spectra measured on the bright phase, the gray matrix, 
and an area. The spectra were fitted over the energy range from 1 keV (below the Al K 
peak) to 12 keV (above the Re L lines), including all the elemental peaks and continuum 
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TABLE 2.--Intensities (cps) and calculated concentrations (COR2) for individual phases 
and average area scan. 


element: Al(K)  V({(K) Ni (K) . Mo(L) Re(L) 


bright phase # | 98.41 281.10 | 8.27 
bright phase # 2 $7.95 ; 274.87 | 7.97 
bright phase # 3 61.61 311.49 | 7.32 
bright phase # 4 76.72 | 290.85 | 8.20 
bright phase # 5 84.99 | 274.18 | 7.30 
average $1.94 286.50 7.81 
weight % 21.65 72.00 3.64 
grey matrix #1 10.02 | 10.45 {| 269.85 59.24 0. 
grey matrix #2 12.07 | 10.82 | 278.12 57.80 ~0- 
grey matrix # 3 10.25 10369. | 270.73 49.30 -0- 
grey matrix #4 L1I.11 10.35 | 272.31 63.84 | -0- 
grey matrix #5 11.60 10.51 | 276.98 51.24 -0- 
average 11.01 10.56 | 273.60 56.28 -0- 
weight % 7.36 1.89 74.19 18.12 } 0.00 
area scan # | 8.92 10.20 | 235.07 106.25 | 2.90 
area scan # 2 8.52 235.19 | 105.44 1.51 
area scan # 3 8.68 233.13 102.67 2.44 
area scan # 4 7.94 234.99 102.04 1.44 
area scan # 5 8.7 231.86 | 102.13 1.76 
average 234.05 103.69 2.01 
weight % 63.14 31.45 | 0.34 


background. The results of least-squares fitting of the spectra from the individual 
phases are illustrated in Fig. 3 and summarized in Table 3 for five different areas and 
sets of single-phase spectra. The average of the five individual fitting factors gives 

a value of 20.6% and 79.4% for the volume fractions of the bright phase and gray matrix, 
respectively. Particularly significant are the excellent chi-squared values for the fits 
(which indicate good agreement between the measured average spectra and the summed indi- 
vidual phase spectra) and the fact that each pair of fitting values and the overall av- 
erage values add up to nearly 1.0, although there is no constraint in the program for 
them to do so (which indicates that these two phases together do represent 100% of the 
area analyzed). 

As an independent check on the volume fractions obtained by this method, point count- 
ing was carried out on micrographs of areas of the sample. Three micrographs, taken at 
5000x, were each overlaid with a grid of about 4000 points, and the number of points on 
the bright phase was counted. Points on voids or crevices presumably due to polishing 
relief were omitted on the basis that those regions did not contribute to the x-ray anal- 
ysis, either. The percentage of the remaining points lying on the bright phase and the 
gray matrix, at widely separated points in the sample, are shown in Table 4. The results 
agree within expected variance with those determined by the spectrum-fitting method. How- 
ever, the voids that are ignored by this method may originally have contained material, 
either of the gray matrix phase or some other composition, which is thus not taken into 
account in determining average composition. It is always essential that the surface used 
for quantitative phase determination reveal all phases with statistically random proba- 
bility, and that the plane surface used for microanalysis not have some elements or phases 
systematically removed. 

The individual phase compositions from Table 2 can be multiplied by the volume frac- 
tion of each phase, from Table 3 (or 4), to obtain the overall bulk composition. This 
gives the results shown in Table 5, which are different from the false "average" shown 
earlier in Table 1. 

The "true" bulk composition of this sample was not known to us when this analysis was 
actually performed and the original report was given to the customer. When these data 
became available, they showed a very encouraging agreement with the results from the EDAX 
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FIG. 2.--Typical spectra measured on bright phase, gray matrix, and large average area. 
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MULTIFIT - KEYBOARD 
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SPECTRLIM FACTOR 
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NEST 
FIG. 3.--Typical result from Multifit 
phase and gray matrix to area scan. 


TABLE 3.--Results of 


Cara 
e 


area 


Wi FF Wo Ne 


average 


spectrum number} bright 


"MF'' program showing fitting of spectra from bright 


"MF" fitting of single-phase spectra. 


fraction of single 
phase spectrum 
grey matrix 


chi-squared 
for fit 


1.00527 
1.00701 
1.00202 
0.993807 
0.99312 


TABLE 4.--Volume fraction values from manual point counting. 


percent of points 
bright phase | grey matrix 


19.3 80.7 
17.8 82.2 
20.8 79.1 


TABLE 5.--Calculated bulk composition from phase analysis (compared to directly measured 


false "average"). 


element 
bright phase (20.6%) 
grey matrix (79.4%) 


overall average 


directly calculated false 
"average" from Table I 


wan 


Ni Mo Re 

1.52 21.65 | 72.00 | 3.64 

7.36 74.19 | 18.12 | 0.00 

6.16 } 1.82 | 63.37 } 29.22 | 0.75 

5.46 62.52 | 31.96 | 0.97 
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phase-analysis method (Ni was given as "balance"), as shown in Table 6. Note especially 
the Mo results, which show the effect of having most of the Mo in the bright phase where 
the concentration is different and hence the matrix absorption is different. 


TABLE 6.--Comparison of true and calculated composition. 


element: 


true bulk %: 
by phase analysis: 
false "average": 


The intensity data in Table 2 for each phase can be also multiplied by the same 20.6% 
and 79.4% factors to give good agreement with the area scan intensities reported there. 
In principle one could thus determine the volume fractions by solving a set of overdeter- 
mined simultaneous equations using only those intensities, of the form 


"average, - F phases ‘phase, V phase 


for each element (i). In practice, it is both simpler and potentially more accurate di- 
rectly to fit the entirespectrum since more individual data points and the information 
contained in the continuum are then also used. 

This method for obtaining quantitative phase analysis information can be used as an 
adjunct to the normal quantitative elemental analysis capability of a standard EDAX system 
using existing software, and requiring only knowledgeable interpretation on the part of 
the user. It offers better quantitative bulk analysis results on inhomogeneous materials; 
and quantitative volume fraction or phase analysis of phases of different composition, 
directly from the EDAX measurements, with no need for other special attachments or com- 
puter control of the microscope. 
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COMPUTER EVALUATION OF PHOTON, ELECTRON, AND PROTON-INDUCED X-RAY SPECTRA 


Pierre Van Espen, Henri Nullens, and Willy Maenhaut 


Photon-excited x-ray energy spectrometry (XES), proton-induced x-ray emission (PIXE), 
and analytical electron microscopy (EM) are widely used to perform elemental analysis of 
environmental, geological, and biological samples. The difference in excitation mode re- 
sults in fairly different analytical features, but the fact that the detection of the 
characteristic x rays is done with a Si(Li)-detector spectrometer for the three methods 
results in digitized spectral data which are a convolution of the original spectrum with 
the same, or a comparable, instrumental function. The common problem then is to obtain 
reliable net peak areas for the individual characteristic x-ray lines in the spectrum. 

In recent years computer programs have been developed for the purpose of analyzing XES, 
PIXE, and EM spectra.!~ 3 We report here a program capable of deconvoluting x-ray spectra 
generated by the three modes of excitation. 

To deal with the very complex nature, in particular, of the photon- and the proton- 
induced x-ray spectra, the deconvolution method is based on the powerful nonlinear least- 
squares optimization algorithm of Marquardt.* However, in using this nonlinear-fitting 
principle, one must overcome several problems normally associated with the method. The 
major problems are the number of parameters in the fitting function, the accuracy of the 
model used, and avoidance of the selection of physically meaningless minima in the X2- 
hypersurface. 

The first two problems require the use of a suitable fitting function. The model 
used consists essentially of two cumulative portions: the background function and the 
function representing the characteristic x-ray spectrum. The background is built up of 
different components, depending on the excitation mode. In mono-energetic photon excita- 
tion the background originates in the detector itself and results from incomplete charge 
collection of the high wes ae excitation x-rays which interact with the detector after 
scattering onto the sample. In EM and PIXE, the major portion of the background is due 
to electron bremsstrahlung.® This background is radiative, in contrast to the background 
in XES, and thus becomes affected by absorption in the sample and in the detector entrance 
windows. For proton excitation this picture is complicated by the, presence of a back- 
ground component caused by Compton interaction of energetic gamma radiation, originating 
from nuclear reactions in the sample. 

As a complete description of the background for all excitation modes, the following 
relation is used: 


Ny : 
BACK(E) = 2, Bij (E - Ea)” 


no . ng k 
+ Bog exp{ z Boy (E = Eg)J} + B39 i B3k (E = Eo) }. ABS (E) (1) 
j=l =] 


in which E is the energy and Ep a suitable reference energy. The first term is used to 
describe the background when only a small energy interval is fitted; for larger fitting 
regions, when the exponential terms are included in the description, only Bjg is retained. 
The second term represents the background not affected by absorption (XES: no = 3; PIXE: 
No = 1). The third term is the bremsstrahlung background, which is affected by an ab- 
sorption factor ABS(E). This term is disregarded for XES spectra; for PIXE spectra n3 = 
2 or 3. Normally for a number of spectra originating from a group of similar samples, the 
parameters Bo; for j > 0 and Bz, for k > 0 are determined once from one or more represen- 
tative spectra. These parameters are then kept constant for the remaining spectra in the 
set. In this way only three background parameters Big, Bog, and B39 are to be optimized. 
The second part of the fitting function describes the entire x-ray line spectrum. 
The emission spectrum of an element consists of a number of x-ray lines; each line is, at 
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a first approximation, represented by a Gauss function: 


G(x,n,m) = a CE - x)?/2W ot (2) 


21 W ; 
n,m 


where Wy,m is the width of the peak number m of element n, Py jm the position of the peak 
number m of element n, x the channel number, and Wn ,m and P, , are calculated from the 
relations ‘ 


= 2 2 
ae Cy + CoE in + exp{ CaEL in } (3) 
2 = 
Woe C, + CSE Lm (4) 
where the C; are the spectrum calibration parameters and E is the energy of line m of 


element n. This formulation means that in the optimization’it is not the individual po- 
sition and width of every peak that is determined, but only the position (C, - C3) and 
the resolution (C, -C5) calibration parameters of the entire spectrum. The term between 
brackets in Eq. (3) can be used to account for the nonlinearity of the calibration in the 
low-energy part of the spectrum. 

The x-ray emission of an element is then modeled with a single area parameter A, and 
the various transitions are scaled to this area by the use of known relative intensities. 
This radiative part of the spectrum is again subjected to absorption. The fitting func- 
tion therefore becomes 


YFIT = BACK(E) + : Ae G(x,n,m).R, )-ABS(E, )] (S) 


The first summation concerns the number of elements; A, is proportional to the number of 
photons emitted towards the detector. The second summation runs over the number of lines 
for each element; Rn ,m is the relative transition probability. The absorption factor ABS, 
for a particular x ray with energy E, m, is discussed later. 

In this way the spectrum description is complete, but not yet accurate. Indeed the 
use of a simple Gaussian distribution for the representation of the x-ray peaks is a crude 
approximation. It has been shown that a considerable non-Gaussian contribution is asso- 
ciated with each peak, which is to a great extent due to incomplete charge collection, 
and thus nonradiative in nature.’ This deviation is incorporated in the program by means 
of a numerical correction. The digital correction terms are obtained from single-element 
spectra with very good counting statistics, by substration from the original spectrum of 
all the known Gaussian components and the background. The remaining data are smoothed, 
normalized to the intensity of the main peak K,, and stored together with the calibration 
of the original spectrum in a library file. The correction term S,(x) for intense peaks 
in each spectrum is calculated from these data by use of the actual spectrum calibration 
(Eq. 4) and multiplied by the number of Ky photons detected. The total spectrum function 
thus becomes 


é 6 
YFIT = BACK(E) + 7 AL[E G(x,n,m).R, | .ABS(E, ,) + S,(x).Ry 1 -ABSEE, Ou (6) 


si , 


The last factor to be discussed is the absorption term ABS(E). Since the methods are 
mostly used for the determination of trace constituents in low-Z matrices, absorption 
edges can be neglected in the calculation of the absorption due to the sample and the 
x-ray absorption coefficient can be described as 


u(E) = ab? (7) 


In XES analysis, absorption is mostly due to the sample itself, with (at low energies) a 
contribution from the detector beryllium window, the gold contact, and the silicon dead 
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layer. In PIXE analysis it is common practice to use additional absorbers between sample 
and detector, with one absorber sometimes containing a small hole as a collimator for 


part of the low-energy radiation (funny filter).* For the three types of absorption we 
thus have 
1 - exp{-a3E°4} 
ABS (E) = [expt-ayet23],|§ —— .fas + (1 - as) exp{-agE°7}] (8) 
a3E ~ 


The first factor represents the absorption by the entrance windows of the detector, 
including any solid absorber between sample and detector. The second factor is the sam- 
ple self absorption. The third represents the absorption contribution for an external 
absorber with a hole; as is the fraction of the detector solid angle subtended by the 
hole. Detector and external-filter ahsorption parameters are only optimized at system 
start up or after alterations have been made to the measurement setup. Self absorption 
parameters can be kept fixed if a number of comparable samples are being analyzed. 

The fitting function as described above can describe the x-ray spectrum completely 
and accurately, with a limited number of parameters--typically one per element, three for 
the background, four for the calibration, and two for the radiation absorption. 

The third problem, avoiding the selection of undesired minima in the x2-surface, is 
dealt with by redefinition of the y2-function: ® 


1, _|Q, - YFIT,)? (A, - Aop.)? 
Pe og) ae aan i er Meera (9) 
ee! 2 j o2 
1 Aop. 
j 
The first term is the normal y2-function. The second term is added to enhance the curva- 
ture of the x?-surface when the fitting parameter A; reaches values strongly different 
from the expected value Aop;. The range for each parameter is controlled by Ok, 3 AG 
: ; ; Pp J 
denotes the calibration and absorption parameters. J 
The program described runs on a PDP 11/45 minicomputer with 32 K words of accessible 
memory. A typical processing time for a complete spectrum between 2 and 16 keV is 60-200 
sec, 
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MODIFICATIONS AND EXTENSIONS TO NBS FRAME C 
John C. Russ 


The NBS Frame C program! for ZAF-corrected quantitative analysis of bulk samples is 
attractive as a simple, fast, and compact routine for processing EDS spectra. We have 
modified and extended it in several ways to broaden its range of application. Some of 
the modifications are instrument-specific and need little discussion; others seek to ex- 
tend the equations and models used for parameter calculation to gain accuracy over a 
greater range of energies, and another class of extensions allows the use of unconven- 
tional standards or no standards and permits calculations on particles rather than bulk 
materials. 

The original version of the program is a stand-alone program in BASIC, actually a 
simple BASIC interpreter for NOVA computers that can handle only numeric inputs and limited 
array sizes. The program used in our system is rewritten in FORTRAN, with user I/0 ex- 
pressed directly in elemental symbols and so on. All user inputs are requested as needed; 
users can make options by pressing function keys labelled on the keyboard rather than typ- 
ing in mnemonic codes or numbers from a "menu."' Also, data storage is on diskette, so 
that files of standards data, etc., can be named and re-used as needed. Finally, the use 
of a high-speed (9600 baud) color video terminal permits extensive data readout (all cal- 
culated factors, warnings, propagated errors, etc.) for user examination. The output data 
are also saved on disk so that hard copies can be printed or passed on to a more sophisti- 
cated program such as NBS COR2.2 These modifications, although important in terms of 
speed, user interaction, ease of operation and interpretation, etc., are basically trivial 
and need not be considered further, 


Parameter Calculatton 


One of the important limitations in FRAME has been its restriction to elemental lines 
between 1 and 12 keV. It is certainly true that difficulties abound when quantitative 
analysis is performed below 1 keV (e.g., C, 0), and errors increase in that range. At 
higher energies, the elements may not be well excited by the accelerating voltage avail- 
able in many SEMs. However, in some circumstances a broader energy range would be desir- 
able. A major cause of the limitation appears to be in the equations used to calculate 
energies of lines and absorption edges, which are of the form 


energy(keV) = exp (A; + Aglog Z + A3log?Z) (1) 


where Z is atomic number. The errors in these values became substantial outside the 
1-12keV range, and more significant, may cause an emission energy to lie on the wrong 
side of an absorption edge, even for the element itself. (For example, a carbon emission 
energy greater than its absorption edge gives rise to a very large value for the carbon 
mass absorption coefficient.) One solution would be to put a complete table of energies 
(approximately 3000 for all useful lines and edges) into a diskette file, but the access 
time and storage space required argue against this approach. We find that by expressing 
the energies of lines and edges as 


5 ° 
energy (keV) = 520 A,2? ~ (2) 


we can fit all the lines with at least 1% relative intensity and edges in Bearden? and 
Johnson and White* to within + 3 eV, and that there are no cases of emission/absorption 


The author is at EDAX Laboratories in Prairie View, IL 60069. 
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crossover, This approach reduces the storage to an array of 6 numbers x [(5K = 11L + 5M) 
peaks + (1K + 3L + 5M) edges] = 180 values which cover energies from 0.28 keV (carbon K) 
to 80 keV (beyond the K lines of Au). The escape peak energies are of course readily ob- 
tained from each of these values, with no additional ones needed. 

The fluorescenc yield expression used in Frame C also can be improved. The form used 


is 


Ee 
n 


exp(Aglog Z + Aj) (3) 


for K and L shells, and 


w = By + BoZ + B3Z2 (4) 


for the M shell. For elements with peaks above 12 keV (e.g., the K lines of elements such 
as Mo), the values this expression gives are too high (w = 0.97) and indeed the expression 
increases beyond 1.0 for higher energies. The Burhop® expression 

w/(1 - w)= (Ag + A)Z + ApZ3)4 (5) 


calculates more reasonable values and so we have incorporated it instead. 


Standardtzatton 


Frame allows the use of pure or compound standards; for the latter a ZAF calculation 
is performed to determine the pure intensities to be stored. This capability is similar 
to that commonly used for classic microprobe analysis, with every element in the unknown 
represented in one or another standard, and with standard and unknown analyzed under iden- 
tical conditions. In addition to this conventional approach, we also have found it ex- 
tremely useful for amny "'real"' SEM samples to allow the standards and unknowns to be at 
different orientations. If that is the case, and the angles of surface tilt and x-ray 
takeoff are known, the effective current and absorption terms may be adjusted for the dif- 
ference. 

The effective current computed by Frame C omits the term given in Frame B for the ef- 
fect of inclination, which we have restored: 


Rage s = Roerp - exp{[log(0.0753/U) + 0.8994]-[sec S - 1 - (S/90)]} (6) 
where S is the angle of the sample surface (0 = perpendicular to the beam). This appears 
to be somewhat more accurate than our own earlier expression,® but neither is probably 
adequate at very high (> 45°) tilt angles. Nevertheless, it does permit some difference 
between the orientation of the standards and unknowns. 

Similarly, it is very frustrating to measure a series of standards, have all the data 
on file, and encounter a beam current change (for example due to a filament burnout). If 
intensities are expressed as counts (per second) per nanoamp, and beam current is measured 
with a Faraday cup, this problem can be handled directly. More often, this facility is not 
present. The user may then see that his results are consistently totaling far from 100%, 
and elect to allow the program to "'renormalize" the standards. That is not the same as 
renormalizing the answers, i.e., multiplying all the unknown concentrations by a factor to 
make them total 100%. Rather, we adjust all the pure intensities by a common factor at 
each iteration in the ZAF process to make the final concentrations total 100%. The method 
fails, of course, if there is a missing element, and it cannot be used with an element 
calculated by difference. Also, it forces closure to 100% and so hides some potential 
error signals from the user. However, it does permit the use of standards data measured 
with beam current different from that for the unknowns. 

To accomodate situations in which not all the elements in the unknown are present in 
the standard(s), we take advantage of the invariant spectrometer efficiency of the Ed sys- 
tem to interpolate or extrapolate from other elements. Combining the techniques of Blum 
and Brandt,’ ourselves,® and Barbi,’ we allow the use of some or no standards. If no 
standards at all are used, then normalization of the concentrations to 100% as described 
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above is forced. The relative pure element intensities are calculated for each element 
as 


P= NU - 1) /3 wLTR/CFA) (7) 
1 el 


where N,j is the number of electrons in the shell (2, 8, 18) adjusted for screening ef- 
fects (the values used are 2, 5.714, 12.857), U is the overvoltage, w is the fluorescence 
yield, L is the fraction of the total shell intensity contained in the integrated region, 
T is the spectrometer efficiency, R is the effective current, F is the absorption correc- 
tion, and A is the atomic weight. The terms L, T, R, and F are calculated by use of exist- 
ing Frame C subroutines (R modified as described above); w is calculated as already shown. 
We have previously used this method in our software for 'no standards" and find it quite 
useful where the speed advantage of not having to run standards outweighs the loss in ac- 
curacy from the calculated factors. For major elements (> 5%) all analyzed by the same 
shell it is unusual to find relative errors exceeding 10% and common to find them less 
than 5%,10-12 

When elements covering a broad range of atomic numbers and analyzed by different shells 
are encountered, better results may be obtained by the use of a few standards (pure or com- 
pound) containing convenient nearby elements in the periodic table and of the calculated P 
factors to extrapolate from them to the elements in the unknowns. We may conveniently do 
so by using linear least-squares fitting methods to solve for the constant of proportion- 
ality between intensity and calculated P-factor, and the exponent of the (U - 1) term. 
This procedure allows the curve to "tilt" over large Z-ranges and seems to give better 
fits than using the nominal 5/3 value, but the exponent does not take on consistent values 
and no physical meaning is implied -- it is an attempt to compensate for many assorted in- 
accuracies. 

With the fitting/interpolation method, it is not necessary to normalize the results, 
so that deviation from 100% can be used as a warning of error. However, if such normaliza- 
tion is also selected by the user to compensate for unknown beam-current variations, then 
a few disk files of standard intensities from a set of representative elements measured 
under typical operating conditions (voltage and topography) can serve for most analysis 
Situations. 


Other Extenstons 


As a convenience to the user, the program calculates x-ray takeoff angle by the method 
of Moll!3 and specimen tilt angle from parallax measurements on the SEM screen. The latte2 
requires only that the user measure the change in spacing between two surface features for 
a known increment of tilt, which makes it fairly easy to analyze locally flat regions on 
generally irregular surfaces. 

Particle analysis is not adequately corrected by classical ZAF calculations, so as a 
useful approximation we have allowed Frame C to use as input either the intensities for 
elements or their peak-to-background ratios. The latter are of course readily available 
since the program calculates the local background intensity under each peak in order to 
subtract it. The disk files of standards data also preserve that information so that the 
K factor used in the ZAF calculation becomes the ratio 


P/B unknown (8) 


P/B| standard 


rather than the intensity ratio. The assumption that background x rays have a similar 
depth distribution and absorption effect as characteristic x rays, and therefore that the 
P/B ratio is invariant with particle size, shape, and surface texture, is clearly only ap- 
proximate.!*-16 However, it is expected to be useful until more exact models become 
practical. 

Finally, the original Frame C program requires the user to specify two peak-free re- 
gions in the spectrum to be used as background reference points, from which the background 


intensity at other energies is calculated. This feature can be usefully supplemented by 
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also allowing the user to default the selection of background reference points to the 
program. If he does so, the program will begin at 2 keV and proceed up in 0.1keV ace 
examining each 0 .2keV-wide energy band to see whether it can be used. The criterion? 

that the average intensity in the energy window must not exceed that in either Hei bein 
window by more than two standard deviations, or it might lie on a peak, and that it must 
not be lower than that in both neighboring windows by more than the same amount, or it 
might be a valley between peaks. After a suitable low-energy point has been found, the 
program begins again at 0.7 times the accelerating voltage, and steps down in 0.lkeV steps 
following the same criteria. The two selected points are then shown to the user for his 
approval, and unless he rejects them, are used in the background calculation. We have not 
yet encountered cases in which the points selected by this method are clearly unacceptable, 
nor give significantly different results from points selected by a knowledgeable operator; 
the automatic method may thus offer significant advantages for the untrained or insecure 
operator. 


Summary 


Several modifications and extensions to the Frame C program have been added to broaden 
its range of application. They include 


1. Programming in FORTRAN and using extensive disk files, input/output formatting, 
etc., to provide speed, extended output, user convenience, and a permanent database. 

2. New parameter models for energy and an improved fluorescent yield expression, to 
allow use of peaks outside the 1-12keV range. 

3. Extended standardization choices in addition to conventional pure or compound 
standards, to permit renormalization, extrapolation, different geometries, or no-standards. 

4. Use of P/B ratios instead of intensities, to compensate partially for finite par- 
ticle size. 

5. Automatic selection of background reference points, to permit the user to default 
on this selection. 


These extensions delete none of the original Frame C capabilities, and in addition 
allow practical quantitative analysis to be carried out, albeit with reduced accuracy in 
some cases, in many commonly encountered real situations. 
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EDATA2: A FORTRAN IV COMPUTER PROGRAM FOR PROCESSING WAVELENGTH- AND/OR ENERGY-~- 
DISPERSIVE ELECTRON MICROPROBE ANALYSES 


D. G. W. Smith and C. M. Gold 


The development of EDATA2 was stimulated by the proliferation of mixed energy disper- 
Sive/wavelength dispersive equipped electron microprobes. For such systems to be operated 
most efficiently and conveniently, a data reduction program is required that can handle 
energy-dispersive, wavelength-dispersive, or a mixture of both kinds of data. This re- 
quirement has become particularly pressing with the widespread introduction of a high de- 
gree of automation, which permits either kind of data to be gathered rapidly and reliably. 

If the reduction of data to give the compositional information ultimately required is not 
| to present a bottleneck, software must be versatile, running times short, and costs low. 

/ In the development of EDATA2 (Fig. 1) the design philosophy of its predecessor, 
"EDATA,"' was retained in that an automatic rather than an interactive program was con- 
structed. In any laboratory where an appreciable part of the operation involves produc- 
ing large numbers of analyses, it is desirable that minimal intervention be required during 
data processing. EDATA! was developed to process only energy-dispersive analyses, and was 
limited to handling analytical data for elements of atomic number 11 (Na) to 30 (Zn), plus 
Zr and Ba. These elements cover the compositions of most silicates, as well as many other 
minerals. However, EDATA2 permits the specification of any suite of up to 22 analyzed 
elements (from Z = 9 to 92). : 

An empirical expression for the relationship of continuum intensity to atomic number, 
continuum energy, and accelerating potential has now been reinvestigated? for an acceler- 
ating voitage of 15 kV, continuum energies up to 10 keV, and for atomic numbers up to 92; 
the following new expression was obtained: 


= Z Xj Nj 
ts kz {C,[(E, E/E) 4.2, } 


where x; = a - 0.00145(Z;/E.,) and the constant a = 1.5, Z; = atomic number of element i, 
C; is the concentration of element i, I,, = continuum intensity at an energy E,,, and nj = 
E,,[ (0.0739 - 0.0051) Wytany] + p, where p is a constant. Although this expression differs 
somewhat from that“proposed by Smith,? its value is very similar within the atomic-number 
range then investigated. The new expression is incorporated into EDATA2. It has been 
tested to date only at one operating voltage (15 kV) and one take-off angle (52.5°), but 
facilities to test it under various analytical conditions have now been built into the 
program. The dependence on atomic number of both exponents (that is, n on Z, and x on 
the energy term) was looked for but not observed by Smith et al. in the more limited 
atomic number range then investigated,* although Rao-Sahib and Wittry suggested such a 
dependence. ? 

Since spectra can be acquired at different probe currents and for different counting 
times, the calculated background must be scaled to the sample spectrum. In EDATA2, a new 
approach has been taken to this scaling: the ratio of calculated background to sample 
spectrum is determined for each channel, so that a ‘histogram' is produced (Fig. 2). The 
program finds the ratio at the smoothed maximum of this 'histogram' and scales using this 
factor. A parameter is printed reflecting the histogram peak width--a measure of the 
success of estimation of background shape. 

EDATA used stored values for such parameters as mass absorption coefficients, emission 
wavelengths, and absorption edge energies. With the extension to Z = 92, space and data 
entry requirements become very severe. Expressions published by Springer and Nolan were 
therefore used to calculate these parameters. Continuum fluorescence corrections used 
by Springer were also incorporated.°’® 

The other principal improvement in the capability of EDATA2 over EDATA is its capacity 
to handle wavelength-dispersive as well as energy-dispersive data. This facility is de- 


The authors are at the Department of Geology of the University of Alberta in 
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FIG. 1.--Flow diagram for EDATA2. 
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FIG. 2.--Background scaling histograms for rutile (excellent fit) and fluorapatite (poorer 
fit). "Ratio parameter" is the ratio of sample spectrum to computed background, calcu- 
lated for each channel as a multiple of the lowest average ratio found for 10 adjacent 
channels (min. ratio"). 


sirable for several reasons. 


1. Severe interferences can occur between lines of different elements that may not 
always be resolvable with sufficient accuracy by EDA. Some examples are: Pb and S, Mo 
and S, K and U, Si and Sr. These interferences may be resolved by means of WDA. 

2. Certain low-Z elements (e.g., B and F) cannot normally be determined, or deter- 
mined sufficiently accurately, by EDA. However, data for such elements may be obtainable 
by WDA. 

3. Trace elements can be determined with sufficient accuracy only by WDA. It is de- 
Sirable to be able to merge data on these elements with EDA data. 

4, Calculations of matrix corrections in microprobe analysis depend on the concentra- 
tions of alZ elements present; in EDA, that also holds true for the estimation of back- 
ground and overlap. Clearly, the processing of data from the two techniques is greatly 
simplified if they can be merged. 

5. The final presentation of data in a form convenient to the user will normally in- 
volve integration of all data obtained by the various analytical techniques used. The 
data processing program should be therefore able to cope with a wide range of situations, 
input information (including 'wet chemical' results), and requests for particular kinds 
of output. 


Redesigning EDATA so that it could meet these requirements was fairly straightforward, 
since the processing of EDA data requires the application of nearly all the corrections 
needed in WDA (as well as several others). The main requirement is to code wavelength- 
dispersive data so that they can be recognized and routed appropriately by the program. 

In view of the diversity of microprobes in use, the variety of analytical procedures 
used, and the different formats in which data can be produced, it is practicable to ac- 
cept, as input to the wavelength-dispersive route through EDATA2, only averaged background 
and peak intensity readings. Thus, the user must produce, or have produced, a simple 
custom-designed 'front-end' program that will take the laboratory's data, carry out simple 
processing such as averaging, and produce an output compatible with EDATA2. 

A number of possible conflicts and/or omissions can cause problems when data from the 
two systems are merged. For example, data for the same element might be obtained from 
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each system. WDA data are therefore given priority. Furthermore, if an element is spec- 
ified as having been analyzed by WDA, but no standard information is supplied, the pro- 
gram automatically defaults to EDA, If no EDA standard data were acquired, the program 
turns to EDA default standard values--values measured previously, corrected for matrix 
effects, and stored. 

The approach to overlap corrections used in EDATA has been retained. Values are ob- 
tained for overlap coefficients by using the program itself to determine the extent of 
overlap of each element into the analytical region for every other element to be analyzed. 
These coefficients are corrected for background and matrix effects. Overlap coefficients 
of elements to be determined by WDA must also be included. Comparison of coefficients for 
elements from F to Zn reported on previously* with those obtained recently by means of the 
revised background correction clearly indicates that minor misfits at the low-energy end 
of spectra for elements of higher atomic number have largely vanished, 

Several other new features have been incorporated into EDATA2. A review of archival 
tape records of every analytical run between May 1975 and September 1976 revealed a pro- 
gressive change in the measured ratio of Zn L to Zn K intensities in the Zn 9Si0, calibra- 
tion standard spectrum, owing to gradual contamination of the detector Be window with pump 
oil. Based on Zn K : Zn L intensity ratios observed for the calibration standard, EDATA2 
now corrects all spectra back to the intensities which would be observed with an ideally 
Clean Be window, 

Escape Rea’ stripping is performed by use of a modification of an expression suggested 
by Statham. ’ However, this modification has been tested only for normal incidence of x ray: 
onto the detector; if variable, non-normal incidence is used, Statham's unmodified expres- 
sion should be reintroduced together with an opportunity to enter appropriate angles for 
each analysis. 

EDATA2 has retained most of the other features of EDATA, such as automatic measure- 
ment of energy miscalibration based on a calibration standard, and correction of all spec- 
tra back to ideal calibration. Peak integration ranges are established on the basis of 
current resolution measured on the calibration standard. A peak-seeking routine locates 
and identifies peaks. Their FWHM, approximate intensities, peak to background ratios, and 
identities are reported in the program output. 

Although experience suggests that 15 kV is a good accelerating potential for most pur- 
poses, any potential may now be used in combination with a chosen width and number of 
channels. However, when any of these parameters is changed the program must be recali- 
brated in terms of the background-intensity expression, overlap coefficients, and default 
Standard values. Thus, once values for these parameters have been chosen, the analyst 
will not wish to change them without good reason. 

A feature of EDATA is the presence of two subroutines, AJST and CALC. The former cal- 
culates the concentration of elements not analyzed (e.g., oxygen) either on the basis of 
input information or by difference from 100%. Calculations made in AJST are iterated 
along with ZAF corrections, etc., until convergence is achieved. On the other hand, CALC 
is called only once, at the end of data processing, and manipulates corrected data and 
presents them in whatever form is most-useful for the user. In EDATA2 more complex and 
sophisticated AJST and CALC programs have been incorporated and offer the user a much 
wider range of options. 

The success of the new program can be judged in several ways. For example, background 
corrections can be tested by plotting the calculated background and the background-sub- 
tracted spectrum, as has been done for four substances of varying atomic number and conm- 
plexity in Fig. 3. In each case residuals are trivial. 

Table 1 shows analyses of basaltic glass processed by several options. First, the 
'normal' procedure of analyzing samples against standards measured during the same run, 
with a calibration standard at the beginning and end, was adopted. Second, the same pro- 
cedure was used except that only one calibration standard was read, at the beginning of 
the run. Third, standards measured during the run were not used, but sample intensities 
were measured against 'default' values. In this case, not only were 'default' standard 
values used, but also no calibration standard was used and samples and standards were made 
to self-calibrate. 
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TABLE 1.--Composition of hasaltic glass, I; best available independent information; 
II; EDATA2 analytical standards and a calibration standard at the beginning and end of 
run; III: same as II but without second calibration standard. IV: without either an- 
alytical or calibration standards, it.e., using the sample spectrum itself to determine 
stretch and shift corrections, and 'default'’ (i.e., stored) values instead of analytical 
standards. All analyses recalculated H.0-free to 100% from analytical totals in paren- 
thesis. Oxygen determined by stoichiometry. 


1 i it WV 
Na 1.70 1.81 1.81 1.77 
Mg 5.67 6.22 6.22 6.38 
Al 9u05 9.57 9.59 9.61 
Si 22 .54 22.25 22.27 22.26 
K 0.13 0.10 0.08 0.10 
Ca 8.22 8.02 8.02 7.87 
Ti 0.4] 0.40 0.38 0.39 
Mn 0.12 0.10 0.08 0.09 
Fe 6.68 6 .58 6.58 6.53 
0 44.98 44.95 44.97 45 .00 


TOT. (98 .33) (98 .92) (98.87) (99 .62) 
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A USER-ORIENTED SOFTWARE SYSTEM FOR ELECTRON MICROPROBES 
W. F. Chambers and J. H. Doyle 


We have developed a user-oriented software system for electron microprobes. The 
TASK! »2 automation program which provides instrument control and data collection is also 
capable of calling auxiliary programs that can provide quantitative data reduction, ed- 
iting, plotting, summary, and statistical-analysis capabilities. Qualitative analysis 
auxiliary capabilities include digital electronic scanning of the beam, mechanical scan- 
ning of the stage and the wavelength-dispersive (WDS) spectrometers, identification of 
energy-dispersive (EDS) peaks, low magnification x-ray mapping (which requires synchronous 
scanning of the spectrometers and the electron beam), and particle characterization. A 
disk operating system facilitates loading, exchanging, and saving of programs and data. 

Tables 1 and 2 list the items which are under computer control and the accessible data 
sources. All items in Tables 1 and 2 are software accessible via simple keyboard commands ; 


TABLE 1.--Items controllable by computer through TASK automation program. 


Spectrometer position and scanning 
Crystal selection 

Detector voltage 

. Pulse height analyzer window 
. Electron beam scanning 
Electron beam current 

Camera shutter 

. Film transport 

Stage 

. Beam blanking 

. Faraday cup 


KH OU ONAN HPWN F 


i 


TABLE 2.--Data input available to TASK automation program. 


. Electron beam current f@perture, Faraday cup) 

. Counts from wavelength-dispersive spectrometer 

Crystal select for wavelength-dispersive spectrometers 
Counts vs energy from energy-dispersive spectrometer 

. Time 

Digitized video from secondary-electron detector 


HAum BRWNDN 


for example, POSition X to 28 sets the X-axis of the stage to a position of 28 mm. Much 
more complex operations are also possible via simple commands; for example, MEASure FE1 will 
select the lithium fluoride (LiF) crystal in spectrometer 1, set the proper detector vol- 
tage and pulse height analyzer window, position the spectrometer to the Fe peak listed in 
the element table, perform a peak search if the search flag has been set, collect peak data 
for 5 sec, collect background data if the background flag has been set, compute the count- 
ing time required to obtain sufficient data for 1% counting statistics, collect additional 
data if required, correct the data for background and deadtime, form the probe-ratio (K- 
ratio) with respect to standard data, apply a correction factor if the standard is not a 
pure element or oxide, and report the resulting K-ratio along with the 1-sigma variance 
expected as a result of the counting statistics of both the standard and the unknown. 


W. F. Chambers is with Sandia Laboratories, Box 5800, Albuquerque, NM 87185. J. H. 
Doyle is with Rockwell International, Golden, CO 80401. This work was supported by the 
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These commands can be executed from the keyboard or can be combined into "schedules" 
for unattended operation. Schedules can also incorporate auxiliary program calls and di- 
rect calls to portions of the TASK automation program. PHOTO, a schedule that controls 
the camera system, has been reported at a previous conference.? On line quantitative anal 
ses can be performed by a second schedule, QUANT." 

QUANT is initiated by the TASK command RUN QUANT, which can be abbreviated to R Q. 
QUANT enters a conversational mode and asks whether an. atomic number-absorption-fluores- 
cence (ZAF) or a Bence-Albee> analysis is desired. Next, the appropriate element informa- 
tion is requested: number of elements, operating voltage, element names, lines, and refer- 
ences for ZAF; number of elements, element names and references, and number of oxygen at- 
oms for stoichiometry for Bence-Albee. After this information is input, an edit mode per- 
mits the correction of any errors. Continuing in the conversational mode, the "setup" sec 
tion is entered and data collection parameters (EDS collection time, desired standard de- 
viation and maximum counting time for WDS data, flags for peak searches and background col 
lection, label, and desired beam current) are input. The "setup" section also permits se- 
lection of stage operating modes (joystick, points table, or trace along lines defined by 
points in the points table), creation of a disk file for data storage, and editing of the 
parameters input in the "setup" section. After QUANT has been initialized, detection limi 
for the current machine operating conditions are calculated and printed and data collectic 
is begun. During the data collection phase the spectrometers are run asynchronously and i 
their most efficient manner. Once data have been collected for the first point, they are 
transfered to a buffer so that they can be converted to concentrations and the results 
printed while the data for the next point are being collected. Data reduction is via one 
of two auxiliary programs: ZAF78° for a ZAF analysis or BA78’ for a Bence-Albee analysis. 

After QUANT has been initialized and executed, it can be re-executed without repetitic 
of the initialization process. If a particular set of elements is to be frequently ana- 
lyzed, the initialization parameters for the set can be assigned a file number, saved, anc 
later recalled from disk. It is also possible to edit a previously entered set of analy- 
Sis conditions or element parameters. 

The above software has been written in Flextran® for a Cameca MBX microprobe with Tra. 
cor Northern automation. With minor modifications it is directly applicable to any Traco: 
Northern automated system. The concepts used in the formulation of the system could be a} 
plied to systems that use other hardware or programmed in another language. 
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NEW TOPICS ABOUT AN ON-LINE CORRECTION PROCEDURE 


Jo Henoc,. C.-Conty, and .M- Tong 


We have previously described an automated microprobe! with the capabilities of on-line 
correction procedure when all elements contained in the specimen are analyzed, as is gen- 
erally the case. In order to conduct a successful experiment an overall strategy has to 
be planned. We wanted to take advantage of the tricks the operator may use both to save 
time and to get the most reliable results by eliminating the major sources of uncertainty. 

Hardware is similar to that described in the paper given at the Boston Conference,} 
with the memory expanded to 28K. 

What we sought to do is to analyze, say, the light elements at a low accelerating volt- 
age in order to minimize the f(x) factor, keeping in mind that excitation of K or L spectra 
of heavier elements supposes an overvoltage of at least 2. Analysis at two different volt- 
ages is thus required. 

Even when the best experimental conditions are selected, analysis of elements such as 
oxygen is sometimes difficult, because of the large uncertainty in the mass absorption co- 
efficients. Fortunately, stotchiometrie relattonshtps allow one to substitute calculation 
for actual analysis of such elements: The consistency of the material balance (100% check) 
is preserved, so that a fit of the actual valence values is possible. 

A special situation is often encountered when one analyzes semiconductor materials of 
the type (AsGa), (SbGa),-,, which behave like a pseudo binary system. These materials are 
very similar to oxide mixtures with valences all equal to unity. In such a compound, anal- 
ysis of one element is sufficient to characterize the specimen. 

Additional elements may be included in a matrix of known composition. If we assume 
that the composition of the matrix is unchanged, accuracy of measurement of "trace" element 
concentrations is not affected, and the problem is reduced to these elements. In fact, 
analysis of principal components is not very helpful because of the statistical errors in- 
volved. 

The various cases listed above are described by the switching within the large NBS COR2 
computer program.* We have included the same capabilities in the MBXC@R package to achieve 
the same degree of flexibility with the minicomputer of the microprobe.! Some examples of 
application follow. 

In specific fields of application of microprobe analysis (mineralogy, geology, etc.), 
description of the specimen and of the experimental conditions may be tedious. An update 
of one compound standard must follow the whole dialog because program execution is sequen- 
tial. The simplest way to randomize the procedure is to employ an ASCII temporary input 
file which may be accessed by the RT II EDITOR System. This file is first assembled ac- 
cording to a dialog mode with the possibility of all the safety statements. Further up- 
dating is made by means of the EDITOR System as shown in the example. Data processing is 
based on the classical ZAF approach and the main physical constants are internally com- 
puted by means of polynomial fits to the best known experimental or theoretical data. The 
same is true for the mass absorption coefficients which fit the HEINRICH values.? Inten- 
sity calculation are very sensitive to the valuesof these constants. At the request of 
some of our colleagues who want a personal touch in the processing of their data we have 
tailored a special version of CORREX that allows them to input values of their own. Every 
time an absorption coefficient calculation is encountered, its identification and the re- 
sult (followed by a question mark) are output on the printer. If the operator calls for 
a carriage return the calculated value is adopted; if he types an actual value, that re- 
places the calculated value. Once the permanent set of data has been computed (PHYSIC. 

DAT file) this update is available for further use on this system of elements (see example 


Authors Henoc and Tong are at the Centre National des Etudes de Télécommunication, 92130 
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TABLE 1.--Examples of switching 4: (1) use 
of ACII temporary input file; (2) switching 
4; (3) input check; (4) printing of ASCII 
file data; (5) run of quantitative micro- 
probe analysis for experimental conditions 
from ASCII file. 


RUN DX22ASCIN 2) 


NEW FROBLEM 
1 GR 2 ACCELERATING VOLTAGE(S) ft. 
INPUT THE 1TH ACCELERATING VOLTAGE $10. 


TOTAL NUMBER OF ELEMENTS CONTAINED IN THE SFECIMEN 73. 
SELECT PROPERLY THE SWITCH 
ANSWER 

ALL ELEMENTS ARE ANALYZED 1 

ONE ELEMENT IS ANALYZED BY STOECHIOMETRY 2 

ONE ELEMENT IS ANALYZED BY DIFFERENCE 3 

THE SPECIMEN TS AN OXYUE~LIKE ONE 4 

TRACE ANALYSIS Ss 

K CALCULATION 4 


ANSWER PAs ______) 
HOW MANY COMPOUND STANDARIIS ARE USED 7 


TAKE OFF ANGLE (DEFAULT ¢ 40, DEGREES) ? 


ELEMENT 10 RE 
THE SYMBOL OF 
SYMBOL GF THE 
SYMROL OF THE 
ENTER VALENCE 
ENTER VALENCE 
AL sGAr AS? 
tydet 


ANALYZED NO if SYMBOL FLINE Ff AL KA 

THE ELEMENT CALCULATED BY STOECHIOMETRY IS THE LAST INFUT 
NON ANALYZED ELEMENT NOt 1 ?GA 

NON ANALYZED ELEMENT NO? 2 PAS 

OF ALL ELEMENTS CONTAINEDIN THE SFECIMEN (EXi3r2r1) - 

OF $ 


stop -~ 


RUN BX CHE @SC J 3) 


STOP ~~ 


TYPE ASEIN. BAP —__________________________7 


1 
10.900000 


0.000000 
AL KA 


tid 


RUN [X1? CORASC 


QUANTTTATIVE MICROPROBE ANAL YSIS 


HO YOU WANT TO HAVE THE SANE FHYSTCAL CONHTTLONS ANIL THE SAME 
STANHARUS AS CN THE PREVIOUS PROBLEM CY Ok N) PON 
NEW FROBLEM 
1 ACCELERATING YUL TAGE CS) 
THE TH ACLE PING YO! TAGE TS 210,00 KY 
3 IS FHF TOTAL NUMBER OF EF EMENTS CONTAINED IN THE SPECTMEN 
SELECT PROPEL RE YY THE SWITCH 
ANSWER 
MENTS ARE ANALYZED 
MENT 1S ANALY CEL BY GIORCHTOMETRY 2 
EMENT LS ANALYZED BY DEFFERENCE 3 
THE CIMEN 1S AN UXYDE-ILIKE ONE 4 
TRACE ANALYS1LS a 
K CALCUL ATTON 6 


ANSWER 3 4 


NUMKER OF COMPUTED ELEMENTS = 1 
© COMPOUND STANBARICS) USED 


TAKE OFF ANGIE IS 40,00 DEGREES 

ELEMENT TQ BE ANALYZED NO it AL KA 

ACCELERATLON YVOLTAG 10.00 KY 

THE SYMBOL OF THE ELEMENT CALCULATED BY STOECHIOMETRY IS THE LAST INFUT 

SYMBOL OF THE NON ANALYZET ELEMENT NO? 1 IS GA 

SYMBOL OF THE NON ANAL YZEU ELEMENT NOS 2 IS AS 

VALENCE OF ¢ 

AL» GArAS» 

r Same! me | 

UPUAFE ABSORFTION COEFFICIENTS ¢Y OR N) ? N 

ELEMENT + AL GA AS 

VALENCE ¢ 1 1 1 

NEW VALUES OF VALENCE (CY OR N) 7 

N 

SWITCHC 4) ?4, 

ARE THE DATA SAVED IN FELE ¢RRATTIO.,UATs PN 

[NFEUT K OF AI ¢ «1 

FOFNT NO? 1 

Aes K WOF, NORMALIZED ELEM. & AS 

ELEMENT 1.X./12.STl. K,RATIO CONCEN, ATOM, C COMF. C 
Al. : 06,1000 0.1000 0.1655 0.3515 0.6252 
GA 0.1807 0.1485 OXYDE-~LIKE 
AS 0.6538 0.5000 SFECIMEN 
TOTAL : 1.0000 

ITERATION + 3 

MORE ? ON 


SWITCH(4) #7 
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TABLE 2.--Trace analysis: (1) old problem; 
(2) new problem. 


RUN LIX1:€ORX2 Se ) 
QUANTITATIVE MICROFROBE ANALYSIS 
NO YOU WANT TO HAVE THE SAME FHYSICAL CONDITIONS AN 


STANDARDS AS IN THE FREVIOUS PROBLEM (Y OR N) ? Y 
HAYE THESE CONDITTONS TO BE PRINTED OUT (¥ OR ND) ? Y 


THE SAME 


THE COSECANT OF THE TAKE OFF ANGLE IS 
TOTAL NUMBER OF ELEMENTS + 3 
ARE ANALYZED ; 


1.556 


1 ELEMENTS 


THE ITH STANTDARG 1s PURE AL LINE?tKA APF 10. KY 
AL IS AFRACE ELEMENT 

SWITCH(S) 75. 

ARE THE LATA SAVE [N FTLE «NRATIO.DAT: ?N 

[NFUT K OF AL ¢ .0003 

INPUT C OF AS?t.S179 

INFUT € OF GAT. 4821 

FOINT NO; t 

K 

ELEMENT 1.X./2.STN. K.RATIO CONCEN. ATOM. C 
AL ¢ 0.0003 90,0003 0.0005 0.0014 
AS 0.5179 0.4992 
GA 0.4821 0.4994 
TOTAL ¢ 1.0005 

ITERATION $ 2 

MORE POON 


SWITCH(S) 7 
QUANTITATIVE MICROPROBE ANALYSIS 


DO YOU WANT TO HAVE THE SAME FHYSTCAL 
STANDARDS AS IN THE FREYIOUS 


CONDITTONS ANT 
FROE EM CY OR ND ? BYE 


THE SAME 


stor -- 


RUN UX1ICORX2 


—______—@) 


QUANTI FATIVE MICROPRORE ANAL YSIS 


YO YOU WANT TO HAVE THE SAME FHYSICAL CONDI IE TONS ANIt THE SAME 
STANHARTIS AS TN THE FREYIOUS FRORLEM ¢Y OF NY ? N 
NEW PROBLEM 
| QR 2 ACCELERATING VOI TAGE (S$) Fi. 
INFUT THE ITH AC LERATING VOLTAGE 210. 
SOTAL NUMBER OF EMENTS UCONTAINEU IN THE GREUIMEN ?3. 
GSELECE PROPER ¥ Fie GUAT TCH 
ANSUWE FE 
ALL ELEMENES ARE ANALYZE Tt 1 
ONE ELEMENT 35 ANARYZEU RY STOECIILOME TRY 
ONE ELE 1S ANAL YZETE BY TETFRPERENCE 3 
THE E: TS AN O¥ TUE ft TRF ONE 4 
TRACE ANAL CSL5 “ 
K CAECUI ATION 4 
ANSWER PS. 
NUMBER OF COMPUTFE ELEMENTS 71. 
UW MANY COMPOUND STANDARIIG ARE USED ? 
TAKE GFF ANGLE (DEFAULT ¢ 40, DEGREES) 7 
ELEMENT TO BE ANALYZED NO 1 SYMBOLSLINE F AL #KA 
SYMBOL OF THE NON ANALYZED ELEMENT NO! J PAS 
SYMBOL OF THE NON ANALYZED ELEMENT NOt 2 PGA 
HAVE THESE CONLITIONS TO BE FRINTED OUT (Y OR ND PY 
THE COSECANT OF THE TAKE OFF ANGLE IS 1.556 


TOTAL NUMBER OF ELEMENTS ¢ 3 
1 ELEMENTS ARE ANALYZEM ¢ 
THE 1TH STANKARL 1S PURE AL LINE?KA AT 10. KY 
AL IS ATRACE ELEMENT 
SWLTCHCS) ?5. 
ARE THE BATA SAVED IN FILE <KRATTIO.NAT ?N 
TNEUT K OF AL 3 40003 
tNFUT © OF AS? S179 
TNFUT © OF GAt.482) 


FOINT NO? 1 


K 

ELEMENT 7.X,/1.ST0D, K. RATIO CONCEN. ATOM, C 
AL : 0.0003 0.0003 0.0005 0,0014 
AS 0.5179 0.4992 
GA 0.4821 0.4994 
TOTAL ¢ £.0005 
ITERATION : 2 

MORE ? ON 


SWITCH(S) ? 


TABLE 3.--Examples of switching 6, then 1: 
(1) use of ASCII temporary input file; 

(2) switching 6; (3) ASCII file data print- 
ing; (4) run backward microprobe analysis 
(experimental conditions from ASCII files; 
(5) switching 6; (6) optional absorption 
coefficients; (7) switching 1. 


RUN rx sASCIN 


NEW FRORLEM 


J OR 2 ACCELERATING VULTAGECS) ?t. 
INFUT THE 1TH AC [RATING VOLTAGE $20. 
TOTAL NUMBER OF EF ENTS CONTATNED UN THE SFECIMEN ?2. 
SELECT PROPERLY THE SWITCH 
ANSWER 
ALL ELEMENTS ARE ANALYZED 1 
ONE ELEMENT IS ANALYZES BY STOECHIOME TRY 2 
GNE FLEMENT TS ANALYZER BY OLPRPERENCE 3 
THE SPECIMEN IS AN OXYRE-L IKE QNE 4 
TRACE ANAL YSIS 3 
K CALCUL AT TON 4 


ANSWER 76. He) 


NUMBER OF COMPUTED ELEMENTS ?2. 
HOW MANY COMPOUND STANTARTIS AR 


TAKE OFF ANGIE (EF AULT $ 40. TEC ? 
ELEMENT TO BE ANALYZED NO 4 SYMBOL FL INE P FE Ka 
ELEMENT TO BE ANALYZED NO 2 SYMBOLFLINE * CR KA 


ASCLN. TAT 8) 


t 
20,.000000 
é 
0 
0.000000 
FE KA 
oR KA 


RUN TOO ECORAST 


QUANTITATIVE MICKOPROBE AMAl FETS 


NG YOU WANT TQ HAVE THE 
STANIARUS AGS TN THE F 


SAME PHYSIUAL CUNDT TIONS ANT THE SAME 


SOUS RRORD EAM oY GR NY or N 


NEW FRORL EM 


4 AG 
THE ITH ACUTE VOL TAGK 1S p.0 WRAY j 
2°95 THE NUMEG RU EL ft MEG CONTAIMET IN THE SPECTNE # 


SELECT FROPERD Y TBE SWwitei 

AM SWE Te 
NTS ARE ANAL YZEL J 
NT TS ANAL TRU Br STORCH TUIME TE r me 


NT TS ANAL YZET Rr THF PERENEL 


a ECTMEN 1 ON UXYUER | TRE LINE 4 
TRA ANALYSIS fr 
K CALCUL AT LON é 


ANSWER 2 6 8) 


NUMBER OF COMP MENTS $2 
oO COMPOUNS S) USE 
TARE OFF ANGIE 15 40,00 DEGREES 


ELEMENT TO RE ANALYZE NQ 1 FE KA 
ACCELERATION VOLTAGE 20.00 KY 

ANAL fZEU NO 2 
0.00 KY 
FICTENTS (CY OR NE # 
71.499123 7 

87.9 76936 ? 

APS. O97723 7. 


fO BE PR KA 


| ae ee ne ©) 


BUITCH(G) Pb, 


NIFFUSJUN OF TN 
INPUT WE $9 
TNEUT WE ? al 


ELEMENT J.X./1.S1K. KS RATIO UUNCEN« ATOM. € 
FES 0.8843 0.8843 0+9000 0.9954 
CR 3 0.1248 0.17248 0.1000 0.1066 
TOTAL 14,0000 
LTERATIUN 3 0 

MORE ? oN 

SWITCH(S) P41. 


ARE THE tlaTAa IN AKRATLO,UAT: PN 

INFUT K OF F : «6043 

TNEUT K OF CR ? 41248 

FPOUNT NGS t 

K 

ELEMENT I.X,/I.ST0D, W,RATIO CONCEN, ATOM, C 
FE : ' 0.8843 0,8843 0.9000 0.8934 
CR 0.1248 0.1248 0.1000 0.10646 
TOTAL 3 1.0091 1.0000 


ITERATION 3} 3 


MORE ? ON 
SWITCH(1) ? 
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TABLE 4,--Option for updating absorption 
coefficients: (1) updating. 


QUANTITATTVE MICROFRORE ANAL YS1S 


DO YOU WANT TO HAVE THE 
STANTARRS AS IN THE 


SAME PHYSICAL 
FREYVTOUS PROBL EM 


CONTI TEONS 
c¥ QR N) ? WN 


ANT THE SAME 


NEW PROBLEM 
1 ACCELE 
THE 1TH ACCEIE 
2 IS THE 


RATING VOL FAGE CS) 
RATING VOLTAGE FS 220.00 KY 
TOFAR NUMBER OF EREMENTS CONTATNED IN 


FHE SPECIMEN 


SELECT PROPERLY THE SWTitn 


MENTS ARE 
MENT 19 


ANAL 1 ZE L 1 
ANALYZE BY STOECHLOME TRY 2 


x 

Bs 4 

ACT ANAL YSIS u 

K CAI CUL AT EON & 


ANSWER $ 6 


NUMBER OF COMPUTET FREMENTS § 2? 
O COMPOUND GTANTARICS + US 
TAKE OFF ANGIE TS 40.0 UFGREDS 


ELEMENT 
AC 


TO BE 
CELERAT PUN 


ANAL 
VOL TAG 


TE i Vio ba 
POO BY 


ELEMENT JO RE ANAL 1 
ACCELERATTON Ya) TAGE 


GU Nir > 
2O,00 KY 


is cae 


UPRATE ABSURU TION GOEFFIC TENTS cr QR Na+ ¥ 

: 71499123 
B7.9769 
973.49? 


$12,991249 
PE APGI2S 
473. O97 028 


MUCCR SFE = 
SWITCHCS) PG. 

RIFFUSTON GF FE-CR Cr GR ND) # 
tNPUP WETGHE FRAUTION OF FE ¢ 
INPUT WETGHT FRAGCTTON OF CR tod 


& 

ELEMENT I.X-/77.S90. R-RATI CONCEN: ATOM, C 
FES 0,8823 0.8923 2.9009 0.9954 
CR ¢ 0.1286 0.1264 O,1G00 0.1064 

TOTAL. ¢ 7.0000 
TTERATION $ 0 

MORE ? ON 

BUITCH<6) ?P1, 

ARE THE LATA SAVED IN FILE KRATIO.UAR? FN 

TNEUT K OF FE 3 .8823 

TINFUT K OF CR 3 «2266 

POINT NO? 1 
K 

ELEMENT L.X./7.5TH. K-RATIO CONCEN, ATOM. C 
FE 3 0.8623 9.9000 0.8934 
CR t 90.1266 0.1000 0.1066 
TOTAL 3 1.0089 1.0000 


ITERATLON ¢$ 3 


TABLE 5.--Output of Physic file before and after updating. 


RUN [X1iFHYST2 RUN IIXdSPHYST2 


PHYSTCAL 


CONDITIONS OF 


MICRO. ANALYSTS FUASICAL CONDTITONS OF HICKO ANALYSIS 


Be THIS TS & 2 ELEMENTS ZAF APPLICATION # 2 OF THEM ARE NAL YZEU $4 THIS 1S A 2 ELEMENTS ZAF AFFIICATTON ¢ 2 OF THEM ARE AMAL YT 
THE COSECANT OF THE TAKE OFF ANGIE TS 1.556 THE COSECANT OF THE TAKE OFF ANGLE 18 1.556 
© COMFOUNL STANTIARNS PE. 9 COMPOUNL STANDARIS USE 


ACCELERAT. VOL T.® 20.00 RFENM Ce =O, 373E92E HOA ACCELERAT. VOLT, = 20.00 REET COEFF. = 0. 37389°E 104 
: s (ARLE T&S PURE FE # THE 43H STANUARL IS FURE FE 
Fete GHTS NUMGERTZA ATOMTC NUMEE Fe! 26 : a : 
ANALT?EL tL LNETRA UCONETEE WAVELTH = 1.95636 EQ= 20. ANALYZER LINE?KA CODER! WAVELTH = 1,93636 EO= 20. 
EXCLIAT. KEV = 7.210 < OBFEG EXCITAT. KEV = 7,110 RACKSE. CC EF = 048790 
AUTOARSORETION OF FU 71. AUTOABSORF TION OF PURE FE ACT 5.0 
ORE TLON OF THE 71S AUTOARSORFTLON OF THE STANDARL ACAB= — 50.0 
“ENCE, COMPONENT FIs 0,0000 FLUORESCENCE COMPONENT Fl= 0.0000 | 
TY OF PURE FE FACTI= 0, 48863E +00 INTENSTTY OF PURE FE FACTI= 0.49339E+00 
TNIENSTTY BKATLO STANDARD PURE AIRI= 4.000000 INTENSITY RATIO STANDARI/PURE ATIRT= 1.000000 
BACKSCATIERING VECTOR FRACKSCATTERING VECTOR 
0.8790 0.8896 0.8790 0.8896 ; 
ARSORFT TON COE VECTOR OESORPTION COEFF ACTENT VECTOR 
71.50 473.70 50.00 500.00 
REET VECTOR REED VECTOR 
O.OQ0Q00E 100 0. O000000E +00 O.QO00Q00E100 OO. OUCO00E +00 
EXCITING | INE VECTOR Pacer LINE VECTOR 
o 
ABSORPTION COEFF ICLENT MATRIX FLUQRESCENCE ABSORFTION COEFFICIENT MATRIX-FLUOQRESCENCE 
# THE 2TH STANTARD IS PURE CR $ THE 2TH STANDARD TS PURE CK 
ATOMIC NUMBERS 24 ATOMIC NUMBERS 24 ; 
ANOLYZEIt LANEINKA COUEDI2 WAVELTH # 2.29974 £0" 20. ANALYZED! LINE?KA COMEDS1 WAVELTH = 2.28974 E0= 20. 
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of application). 

In summary, the package has gained more flexibility without losing the internal con 
sistency of the full treatment. What we must keep in mind is that we have purchased 
costly equipment to resolve analytical problems in the shortest time; just the kind of 
service the microprobe, if it is well managed, can insure to match the ease of preparat 
of microanalysis standards. Perhaps we may enjoy programming our problems one at a tim 
but it is at a cost of lower efficiency. One of us, in charge of an analysis laborator 
is glad to find a reliable guide whatever his mood and the pressures are. 
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ELEMENTAL DISTRIBUTION MAPS AND LINE PROFILES IN X-RAY ANALYSIS 


D. P. Skinner and N. C. Barbi 


Two of the most commonly used modes for presenting x-ray microanalysis data are the 
elemental distribution map (dot map) and the x-ray line profile. Both of these methods 
are commonly displayed with a corresponding secondary or back-scattered electron image 
and produce a very graphical presentation of the x-ray data obtained. 


Elemental Ditstributton Maps 


The purpose of an elemental distribution map is to display points from the distribu- 
| tion of a particular element over the area of the sample being viewed. 
; The process is quite similar to obtaining a secondary electron image from the micro- 
: scope, with the exception that an x-ray signal is being displayed rather than a secondary- 
electron signal. As the electron beam scans across the sample, x rays are being produced 
at each point in the raster. The energy-dispersive x-ray spectrometer (EDS) detects these 
x-rays and sorts them according to their energy. If an x ray of the designated energy is 
received, the x-ray analyzer generates an appropriate signal to the microscope and pro- 
duces a bright dot on the microscope cathode-ray tube (CRT). Since the beam on the micro- 
scope CRT is scanning in synchronism with the scan of the electron probe, the dot pattern 
that appears on the CRT reflects the spatial distribution of the element of interest over 
the scanned area of the sample. 

Most EDS x-ray analyzers allow the operator to select the range of x-ray energies that 
will result in the output of the dot signal to the microscope. This range of energies is 
commonly called a window and can be set at any position on the x-ray spectrum. If one of 
these windows is set on a peak from a particular element, the output of dots to the micro- 
scope CRT corresponds to the points on the sample where that element is present. Photo- 
graphing the output of this signal for the entire raster results in the elemental distri- 
bution map. Examples of dot maps with the corresponding secondary-electron images can be 
seen in Figs. 1 and 3. 


Line Proftle Analysts 


A line profile is obtained as follows. The electron probe is scanned across one line 
of the raster and the signal from a particular element is monitored across that line. AS 
for the x-ray distribution map, to select a range of energy one sets a window on a peak from 
the element of interest. As the electron probe scans across the selected line on the sam- 
ple, the signal from the designated window at each point modulates the beam on the micro- 
scope CRT in the Y direction. The result is a plot of elemental x-ray intensity as a 
function of position across the selected scan line on the CRT. 

Two kinds of line profile data are in common use: analog and digital. For an analog 
line profile, the output of pulses from the window is routed to a rate meter whose deflec- 
tion produces a real-time Y modulation on the microscope CRT. The digital line profile 
causes the electron probe to move across the scan line in discrete steps, and the number 
of x rays in a particular energy window is recorded for each separate point and stored in 
the analyzer memory. Since the digital line profiles are being recorded in the analyzer, 
profiles for several elements can be collected simultaneously. The profiles are subse- 
quently transferred to the microscope CRT for photographing. Analog line profile capabil- 
ity is generally provided on most SEM/x-ray systems (usually as an optional accessory). 
However, digital line profile capability is provided only on certain systems, since it 
requires some method of external control of the microscope scan coils and synchronism 
with the start of data collection on the x-ray analyzer. 

For both analog and digital line profiles, the usual method of presenting data is to 
obtain the electron image from the area of interest and then to superimpose both the scan 
line (the line the electron probe was scanning across the sample) and the line profile 
(the plot of elemental intensity as a function of position on the scan line) on the same 
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photograph. Examples of this type of display are presented in Figs. 1 and 4. 


Stgnal Requtrements 


The output of pulses from the window when a dot map or x-ray line profile are being 
generated is not due solely to characteristic x rays from the element of interest but als 
to background x rays from the continuum that have the same energies as the characteristic 
peak. Thus, there is a background level of dots in the map even when the element is not 
present. Dot-map contrast can be defined as the difference in dot density on regions con 
taining the element compared to the density on regions free of the element. In order to 
produce a dot map of good contrast, the peak being mapped must be significantly above 
background when the beam is on the concentrated region of the sample. The greater the 
peak-to-background ratio, the higher the contrast of the map. In general, when the beam 
is on a concentrated region of the sample, the counting rate in the mapping window should 
be at least 50% greater than the counting rate from an element-free region in order to 
produce a map of reasonable contrast with energy-dispersive systems. 

Since the pulses from the mapping window are generated in real time, it is impossible 
to obtain a true background-subtracted dot map or line profile dynamically. However, the 
background can be kept at a minimum if one uses a narrow window on the center channels of 
the peak of interest. Since these channels have the highest peak-to-background ratio P/B 
a greater proportion of their counts will be due to characteristic x rays from the elemen 
of interest than to background. 

To be sure, use of a narrow window decreases the output rate of pulses from the windo 
This situation can be improved by an increase in the probe current, Slower scan speeds, 
or repeating scans. Indeed, it has been estimated that at least 20 000 pulses are re- 
quired for an adequate dot map. ! In view of the count-rate limitations of EDS x-ray sys- 
tems, analysis scans of anywhere from 1 to 20 min are dictated. 


X-ray Spattal Resolutton 


When the electron beam strikes a bulk sample, the electrons scatter throughout the 
material both laterally and in depth. Low-energy secondary electrons that escape the ma- 
terial come from a very shallow depth, at which point the primary electrons have not ap- 
preciably scattered in the lateral direction. The secondary signal thus comes from a 
volume with a diameter just slightly greater than that of the incident electron beam. 

However, X rays can escape from much greater depths, so that the resultant x-ray anal 
ysis volume or x-ray spatial resolution is much larger in diameter (1-10 wm) than the pri 
mary electron beam. The x-ray volume is so great compared to the electron-beam diameter 
that at normal SEM operating conditions, the spot size has little or no effect on the 
X-ray spatial resolution. (in thin sections, the x-ray analysis volume more closely ap- 
proximates the beam diameter.2) The smallest discrete point on the sample from which x- 
ray data can be obtained is limited by the size of the x-ray analysis volume. 

For a dot map or line profile analysis, the x-ray signal is being recorded as a func- 
tion of the position of the electron beam. If the x-ray analysis volume is 2 um in diam- 
eter and the electron probe is approaching a portion of the sample containing the element 
of interest, x rays are excited from that region when the beam is 1 um away. For a dot 
map, this effect causes diffuse, enlarged edges of the region of interest. A line profil 
shows a slow, increasing gradient as the beam approaches the interface. As the analysis 
volume decreases, the edges of a distinct elemental interface get sharper in the dot map 
and line profile. 

For bulk materials in the SEM, x-ray spatial resolution is affected by the accelerati 
voltage, the density of the material, and the energy of the particular x-ray line of inte 
est. The "qualitative" x-ray analysis volume can be approximated by the expression? 


d = 0.077(Eg!*® - E.1°5)/p (1) 
where d = x-ray spatial resolution, Ep = accelerating voltage, E. = critical excitation 
energy of the analytical line, and, p = density of material. 

The x-ray spatial resolution therefore degrades with increasing accelerating voltage 


and decreasing sample density. For a given sample, the analyst can minimize the x-ray 
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analysis volume by selecting an appropriately low accelerating voltage that still provides 
sufficient excitation of the x-ray line, For an element with several lines in the ana- 
lytical range, the lowest energy line can be used to allow the minimum accelerating volt- 
age, 

Figure 1 illustrates the effect of reducing voltage (and thus improving spatial reso- 
lution) for a Mg distribution map and line profile obtained from an Fe/Si/Mg alloy. At 
an accelerating voltage of 25 kV, the x-ray spatial resolution for the Mg Ka x-ray line 
is approximately 3 um (as estimated from Eq. 1). Reduction of the voltage to 10 kV yields 
an improved spatial resolution of 0,7 um and still efficiently excites the Mg x rays. The 
resultant line-profile and distribution map shows a much sharper delineation of the Mg 
rich phase. 


Sample-Detector Geometry 


Elemental distribution maps and line-profile analyses are often obtained from non- 
uniform sample surfaces. When samples with varying topography are being analyzed, the 
sample/detector configuration must be considered. 

The angle defined by the sample surface and the line an emerging x ray travels to 
strike the x-ray detector is called the x-ray take-off angle. This angle defines the 
path length that the x-ray had to travel through the material to exit from the sample. 
The lower this take-off angle, the greater the path length. The absorption of x rays in 
the material follows Beer's law: 

I/Ig = eH? * (2) 
where I/Ig = fraction of x rays transmitted, u, = mass absorption coefficient for par- 
ticular x-ray line, p = density of the absorbing material, and x = x-ray path length 
through the material; that is, the longer the x-ray path length x, the greater the ab- 
sorption. Aliso, since uw, is different for each elemental line, the absorption depends 
on the particular element of interest as well. 

As the local topography of a sample surface changes, the x-ray take-off angle changes. 
The result of this change is a difference in x-ray intensity measured at the detector due 
to increased or decreased absorption path length. The resulting dot map or line profile 
reflects the relative differences in x-ray signal due to topographical variations, which 
can easily be misinterpreted as variations in elemental composition. 

An even more dramatic effect can occur on rough surfaces as a result of the line-of- 
Sight nature of x-ray detection. In the secondary-electron image, low-energy secondary 
electrons are pulled into the biased detector from valleys and depressions in the surface. 
However, x rays (and back-scattered electrons) must travel in a straight-line path to the 
detector in order to be recorded. On a rough surface, local regions may exhibit a nega- 
tive take-off angle or be shadowed from the x-ray detector by a nearby topographic feature. 
The x-ray signal is then suppressed altogether and gives a very distorted elemental dis- 
tribution map. 

Several techniques can be used to determine whether variations in x-ray signal are 
due to changing topography or true elemental distribution differences. Rotation of the 
sample 180° and repetition of the dot map or line profile shifts the variations and shad- 
ows if the cause is topographic. Another technique is to collect a dot map or line pro- 
file that results from the signal from a background region on the low-energy side of the 
peak of interest. The background distribution map then shows similar intensity varia- 
tions to that from the characteristic peak, if they are due to topographical rather than 
compositional variations. 

Figure 2 illustrates the use of a background dot map as an aid in interpreting an Fe 
distribution map obtained from a steel fracture surface. Comparison of the two maps shows 
the same shadows and variations of intensity. Since the background x rays mapped were 
close in energy to the Fe x rays (and would therefore experience similar absorption), the 
Similarity of the dot maps indicates that topographic variations are responsible for the 
variations in dot density. It should be noted that a much longer collection time was used 
to obtain the background dot map. 

It is often possible to orient the sample to minimize topographical shadowing effects, 
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FIG. 2.--Secondary electron image of steel FIG. 3.--Secondary electron image of multi- 


fracture surface (top) with corresponding phase material (top) and comparison of the 
Fe distribution map (middle) and dot map corresponding normal elemental distribution 
obtained from background signal (bottom). map. (middle) with an enhanced elemental dis- 


tribution map (bottom). 
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provided the position of the x-ray detector relative to the image on the microscope CRT 
is known. The orientation of the x-ray detector can often be determined easily by ex- 
tending the detector inward while imaging the sample at ‘a long working distance and low 
magnification. When the end-cap or collimator reaches column center line and breaks the 
beam, its effect will be seen in the image, and its orientation revealed. 


Data Processing 


Enhancement of Elemental Dtstrtbutton Maps, As mentioned previously, the output of 
pulses from a window occurs whenever an x ray of the appropriate energy is detected. This 
x ray may be a characteristic x ray from the element of interest or a background x ray of 
the same energy. The result is the presence of a background level of dots in the distri- 
bution map. One method of "removing" this background is to impose not only an energy cri- 
terion but also a rate threshold that must be exceeded before any pulses are generated. 

By selection of the appropriate threshold, no dots result until the "background" level is 
exceeded. Figure 3 compares a normal dot map with an "enhanced" dot map in which the 
count-rate threshold technique was used. 

Artificial enhancement may result in a more pleasing dot map of higher contrast, but 
important information concerning topography may be lost and artifacts may be introduced. 

A better procedure for enhancing the elemental distribution map is to use a narrow window 
set around the center channels of the peak where the peak to background ratio is maximized 


Baekground Subtraction of Digital Line Profiles. One advantage of the digital line 
profile is that the data can be processed after collection, so that a background sub- 
tracted line profile can be obtained. A digital line profile is collected for the element 
of interest; simultaneously, a profile is collected for a background region near and on 
the low-energy side of the peak. Subtraction of this background line profile, performed 
digitally in the x-ray analyzer, yields a resultant net intensity profile for the element 
of interest. 

This technique is extremely useful when an intensity profile is being obtained across 
a region with greatly varying composition, where total x-ray count rate may change signif- 
icantly from point to point. In the example shown in Fig. 4, a line profile for K shows 
no significant intensity variation between the contamination particle and the matrix. 
However, the x-ray energy spectra indicate the presence of K in the particle but not in 
the matrix. The total x-ray count rate from the matrix was so much greater than the count 


FIG. 4.--Digital line pro- 
files for the potassium 
window (A), for a backgrour 
window near the peak (B), 
and the resulting potassiun 
net intensity profile (A - 
across a contamination par- 
ticle on solder. 
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the background-subtracted K line profile gives the correct result. 
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NEW METHODS TO OBTAIN AND PRESENT SEM X-RAY LINE SCANS 
John C. Russ 


SEM x-ray line scans have been generally the least used of the modes of x-ray data 
collection and presentation. The x-ray map has been popularly used because of its obvi- 
ous pictorial complement to the normal SEM picture, and point (or small-area) analysis 
has been used for qualitative or quantitative multielement information. The equipment 
used to produce line scans has not evolved substantially from the earliest microprobes 
and is widely taken for granted. It suffers from several technical limitations, which 
have helped to limit the use of the method. 


Ratemeters 


The most common mode of obtaining and presenting an elemental line scan has been to 
use an analog or RC ratemeter, whose input is all the signal pulses passed by a single- 
channel analyzer. That could be a separate analog module with upper and lower level dis- 
criminators, as used in most wavelength-dispersive microprobes, but is more often now a 
digitally set energy "window" or "region of interest" in the multichannel-analyzer memory. 
The ratemeter uses a resistor-capacitor circuit to time average the rate of pulses con- 
tinuously. The output voltage, in addition to producing a meter deflection and sometimes 
an audible signal, can be amplified to drive the vertical deflection axis of the SEM dis- 
play scope as the beam is slowly scanned along a line across the sample. 

This method has the advantage that the information may be readily superimposed (vis- 
ually or photographically) on the normal SEM picture, so it is easy to judge the corres- 
pondence between positions where measured intensity changes occur and features of interest 
on the specimen. However, there are several common problems with this mode. One lies in 
the distortion introduced by the RC circuit, which can cause "tailing" following abrupt 
changes or mask small changes if the time constant of the RC circuit is too great, and 
allow annoying broadening of the line owing to statistical fluctuations if it is too small. 
The correspondence between time constant choice and the particular count rate and scanning 
speed for a given measurement can be difficult to achieve. 

Somewhat less obvious but in the long run more serious problems in the analog line 
scan arise from the fact that it is commonly interpreted as a plot of elemental concentra- 
tion, but is actually a plot of intensity, and measured intensity at that. Changes in 
sample surface orientation cause such a large change in intensity as to make the line 
scan meaningless, yet line scans across large irregular particles resting on a substrate 
are routinely shown to demonstrate the presence of an element. Since the signal which is 
counted is not just the characteristic x-rays but the continuum falling in the same energy 
window, it is sometimes possible to record a visually convincing line scan for an element 
not present at all, if the particle (either because of its surface orientation or density) 
produces a. larger continuum signal than the substrate. 

A similar situation occurs when STEM line scans are attempted, since the changes in 
specimen density (or sometimes thickness) which produce a viewable transmission image 
usually are reflected in a change in continuum x-ray production. Conventional line scans 
on thin sections in STEM or irregular surfaces in SEM are in fact meaningless and poten- 
tially misleading (as are, also, x-ray maps) but nevertheless often published. 

A more subtle yet no less misleading effect on line scan (mis)interpretation is that 
of varying count rate. Most modern systems incorporate pulse pileup rejection circuits 
in the amplifier chain, and make a dead-time correction by slowing down the system's in- 
ternal clock when high count rates are encountered. Since the line scan is obtained in 
real time, as the SEM beam is continuously scanned, the measured signal for the count 
rate at the energy of interest can be altered greatly by a change in overall system count 
rate. In some cases this effect reduces the apparent change in signal; for example, if a 
high concentration of the element being measured occurs in a small region of a generally 
organic sample (or any material emitting few total x rays), the increase in emitted x rays 
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as the beam crosses this area also produces an increase in dead time, and so fewer of the 
x rays are actually processed and passed to the ratemeter. In the extreme case, high count 
rates can actually paralyze the system so that the line-scan signal is reversed, dropping 
from a low rate due to the continuum to nearly zero in the high concentration-high count- 
rate region. 

In other cases, there may be a change in observed count rate for an element present in 
an unvarying concentration because of a change in overall count rate, due either to a 
change in the concentration of another element, or perhaps a topographical change. Final- 
ly, any combination of these effects (count rate, geometry, density, etc.) may be present 
to confuse the unwary microscopist. Figure 1 illustrates some typical effects. 


Multtchannel Scaling 


We can overcome some of the problems inherent in the ratemeter approach by using the 
multichannel analyzer to store the line-scan data. In this mode the analyzer memory ad- 
dress (channel number) is advanced by an internal time base, and all the counts in an 
energy window during one time period are summed in one channel. This procedure eliminates 
any distortion due to RC-circuit time constants. It also makes possible, at least in 
theory, the use of multiple sweeps of the SEM beam, to build up data on a sample gradually 
with short beam exposure when a single slow scan might cause damage. In practice, few 
systems allow this latter mode of operation, which requires some timing link to synchro- 
nize the start of the SEM beam scan with the start of the internal MCA address advance. 

The problems of confusion arising from configuration, density, and dead-time effects 
are of course still present in this type of line scan. In addition, it is usually imprac- 
tical to set a digital energy window to define the x rays to be counted, since the MCA is 
being used to store the time-base data, so that an analog window is used that is less 
sharp and more liable to misadjustment. The greatest drawback of the "multichannel scal- 
ing" method is the difficulty in relating the stored line scan to the SEM image, since the 
line appears on a different viewing screen and there is no easy correspondence between 
channel address (time) and image position because the time bases, physical dimensions, 
etc. are different. When this mode is used because the SEM has no Y-modulation capability, 
further distortion may also result, since many of the lower-priced SEMs have not a cons- 
tant beam-sweep speed. If an analog (ratemeter) scan is directly displayed this lack 
does not matter, since the same (varying) time base is used for both beam position and 
display position. 

If we consider the continued influence of all the "physical" causes of line-scan dis- 
tortion plus these additional problems, it is indeed unfortunate that the name "digital" 
line scan has been applied to this mode of operation, which would seem in current usage 
to imply a somehow more accurate result. 


Destred Goals for a New Method 


In approaching the line scan problem anew, we adopted the following goals for a new 
method, all of which have been achieved. 


1. Make the time-base of the data integration exact, to eliminate RC distortion and 
relieve the operator of concern and trouble in setting time constants for every combina- 
tion of sweep speed and count rate. 

2. Use a digital energy window, which can be seen in the normal spectrum display (and 
can be set in multiple segments to cover more than one peak of an element in those few 
cases where improved statistics can be so obtained). 

3. Eliminate count-rate/dead-time effects so that the intensities recorded in the 
line scan are true counts per (live) second. 

4. Keep the presentation of the line scan on the SEM display, where it can be super- 
imposed on the normal image for best interpretation. 

5. Allow for multiple-sweep recording, particularly for SEMs that have no very slow 
scan capability and for beam-sensitive materials. 

6. Make at least first-order correction for geometry and density effects, and second- 
element effects. 
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FIG. 1.--Some common line-scan problems. 
(a), (b) Sample is cross~sectioned Ni wir 
imbedded in low-Z matrix. Window is set 
on Ni Ky peak. Total spectral counting 
rate on wire is above point of maximum 
stored count rate; count-rate paralysis 
produces reversed line scan. ({(c), (d) 
Sample consists of grains of FeS,. Line 
scan for S Ky, shows variations resulting 
from topography, not concentration dif- . 
ferences. (e), (f) Sample is iron-oxide 
particle on carbon substrate. Line scan 
was formed with window set for Ca Ky, 
although none was present. Increased 
continuum production when beam is on 
particle, due primarily to higher atomic 
number, gives apparent indication that 
Ca is present. 


7. Allow multiple-element scans to be recorded simultaneously, to save time, aid the 
user in finding correspondence between patterns of distribution or variation for different 
elements, and provide the database to support item 6 above. 


It may seem that some of these items (for example, 4 and 5) are mutually exclusive, 
but we shall see that this is not the case. 

To achieve these goals, we developed several new and novel methods, which are covered 
by patent applications and which include a new type of ratemeter, a new method for dead- 
time correction, a method for content mapping along a line or over an area, and a new en- 
hancement method, All are described below. 


Digttal Integrating Ratemeter 


To eliminate the RC analog ratemeter, we use a buffered-output digital integrating 
ratemeter circuit. In this example it is actually built into the analyzer, for conven- 
ience in adjusting the parameters from the main control keyboard. The user-selectable 
parameters are the integration time (which should usually be set to about 0.002-0.010 
of the total line time), the full scale, and a choice of linear or logarithmic scale. 

The circuit functions by counting all the incoming pulses (from one of the four indepen- 
dent, simultaneous energy windows set on the analyzer spectrum display, each of which can 
have multiple segments) for the preset integration time. The resulting number of counts 
is dead-time corrected to obtain counts-per-(live)-second as described below, divided by 
the selected full scale value (on either a linear or log scale); the result is expressed 
as a voltage on the buffered output. This voltage is held at the output for the next in- 
tegration time period, while a new number of counts is obtained. The process is repeated, 
so that the complete line scan is actually a series of steps across the sample (Fig. 2). 
Figure 3 shows how this method corrects one fault of conventional line scans. All the 
line scans shown (except Fig. 2a) simulate stepped or digital scans. In some, such as 
those of Fig. 1, some of the additional corrections described in this paper have not been 
incorporated. 

The width of each step depends on the beam sweep speed and the integration time. If 
the user sets the integration time to less than 0.01 of the total sweep time, the individ- 
ual steps are not usually evident in a photographic recording. We have found integration 
time settings from 0.01 to 10 sec adequate to cover the useful range. The number of 
counts still is subject to normal statistical considerations, of course, but the line 
scan is generally free of the ''jitter'’ seen in RC ratemeter scans with too short a time 
constant, and eliminates the tailing problem altogether. Finally, since the output voltage 
is proportional to counts per second, it is independent of scan speed (except for statis- 
tical effects), so that the operator can change sweep speed at will with no change in rate- 
meter settings. 


Reat-Time--Dead-Time Correctton 


X-ray analysis of samples produces intensity values, which may be accurately used to 
compare standard to unknown, or one specimen or location to another, only if they are ex- 
pressed as counts per (live) second. The "dead" time introduced by the detector itself 
and the processing electronics have been corrected heretofore in two ways, both of which 
can provide accurate results but suffer from individual practical limitations. [These 
methods are in addition to an earlier technique in which the number of counts N per unit 
clock (or real or elapsed) time is converted to a "dead-time-corrected" value N' = 
N/(1 - Nt), where t is a presumed constant time associated with the instrument dead time. 
This method is inexact because t is not a constant, and because the underlying assumption 
neglects the statistical variation in N, which can be quite large for the low number of 
counts obtained per point in a line’scan. It will not be considered further. ] 

The two accurate methods both make use of a second "fast'' analysis channel that ampli- 
fies pulses with a short time constant so that events close together in time, which can- 
not be measured, are rejected (not measured or counted in the stored spectrum). In the 
Harms method,! the total counting time may be fixed (in terms of clock/real/elapsed time). 
For each pileup event (in which two x rays are lost) the next successfully processed x ray 
is stored as three x rays instead of one. In other words, the assumption is that the same 
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FIG. 2.--Digital nature of new line scan: 
(a) conventional (RC) analog line scan 
has tailing when levels change abruptly; 
(b) same information can be presented as 
series of steps; (c) with enough finely 
spaced steps "continuous" scan is 
obtained. 


FIG. 3.--Digital or stepped line scan 
can incorporate dead-time correction 
as described in text. Here scan is 
identical to that shown in Fig. la,b 
except that after dead-time correction 
profile is intensity (counts per live 
second) rather than counts, and . 


average distribution of x rays is rejected as is successfully processed, and the lost 
counts are made up as they occur, This method is accurate provided that (1} the number 
of counts processed is great enough that the two counts that may be lost are insignifi- 
cant, and (2) there are no cases of triple or higher-order pileup. However, for finite 
counting times the method suffers from the limitation that the apparent number of stored 
counts (including the make-up counts) is larger than the number actually processed, but 
has the actual statistical precision of the (smaller) number actually processed. In 
other words, it leads to an erroneously good estimate of counting precision unless the 
percentage dead time is known and used to approximate the actual precision. As the most 
desirable (high) rates of data collection introduce quite large total amounts of dead 
time, and multiple pileup does in fact occur, this limitation becomes serious; in fact, 
the Harms method is now little used. 

It has been almost universally supplanted, certainly in commercial instruments, by 
methods*’? based on keeping track of all of the piled-up (rejected) pulses in a separate 
counter and periodically stopping the system's internal “live time" clock while that many 
extra x rays are successfully processed. This technique means that the statistical pre- 
cision of the stored data do obey the normal relationships. However, the "live time" of 
the system is always less than the actual elapsed time, so that the total clock/real/ 
elapsed time needed to obtain a preset time's worth of data is greater than the elapsed 
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correct positive indication is obtained 


time.. Thé method is accurate provided that the distribution of x rays arriving later in 
time is on the average the same as the earlier ones which were rejected. This relation- 
ship may not hold in the case of (for example) a scanning electron microscope in which 

the beam continuously traverses an inhomogeneous sample. High count rates from high- 
concentration regions may cause lost pulses from pileup that may be "made up" subsequently 
in lower concentration or different areas. Similar problems can arise in on-line monitor- 
ing situations and can only be overcome if the sampling period is kept short enough to re- 
solve the variation. A more significant problem arises in the unpredictable elapsed time 
that may be needed to acquire one unit of time's worth of data. In many processes (in- 
cluding on-line monitoring and scanning electron microscopy) the period of analysis must 

be fixed by external events. In that case, the number of x rays "lost" or "stranded" owing 
to pulse pileup cannot be made up and so the measured intensity in counts per (live) second 
is too low. 

We have found that the benefits of preset elapsed/real/clock time counting can be com- 
bined with accurate dead-time correction and pulse-pileup rejection by a modification of 
the method just described in the following novel way. If.the live time clock is controlled 
in the usual way so that during a preset elapsed time T it measures a live time t, then 
this value would normally be used to express intensities as the number of counts N for a 
given peak or element divided by t. That is wrong, as described before. However, if the 
total number of stored counts S and the number of stranded or rejected counts R are used 
to correct the time t to obtain t* = t{l - [R/(S + R)]} then the resulting intensities in 
counts per live second are exact. One can do that by using either separate counters to 
keep track of R and S, or by using the total stored spectrum to obtain S, and the same 
counter used in the normal method to count rejected pulses (to be made up while the clock 
is stopped) to obtain R,. The mathematical calculation can be carried out either by dis- 
crete logic, by a stored-program processor in the system, or by pencil and paper if all 
the numbers are totalled by the hardware counters and made available to the user. In the 
case of line scan measurement, the corrected counts-per-(live)-second data are calculated 
for each integration time period, to form the basis for the output signal. 


Enhaneement and Content Mapping 


The digital-integrating ratemeter with real time-dead time correction by itself satis- 
fies goals 1 through 4 described above. It can also be used in conjunction with the "nor- 
mal" x-ray-mapping (dot-mapping) mode to produce several novel new displays. First, the 
user can set a threshold on the ratemeter output (which is displayed on the analyzer TV 
screen) corresponding to the count rate he associates with background. This threshold can 
then be used to "gate" the dot output so that in the generation of a map of X-ray dots, 
any dots occurring in a region where the count rate is below the threshold is not passed 
to the SEM display. This functions as a flexible image "enhancer," in which the user can 
directly adjust the threshold or "background" level in cps and the dimension (the rate- 
meter integration time) of the enhancement. 

However, since the multichannel analyzer has four separate, Simultaneously active win- 
dows, the enhancement (or threshold-gating as it should more properly be described) can be 
applied from one element to another. As an example, consider a case in which the rate- 
meter is monitoring the count rate in an energy window set on an iron peak, and the thresh- 
old is adjusted to discriminate between the background intensity and the intensity from 
the region where iron is present. If a second energy window is set for the sulfur peak, 
the resulting sulfur dot map will show only those regions containing iron and sulfur. 

This result is quite distinct from that obtained when a conventional window is set with 
multiple segments on the iron and sulfur peaks, which would show places where iron or 
sulfur were present. With the ratemeter output from one element used to discriminate the 
output of another, an image is obtained that may be interpreted as a map of compounds in- 
stead of elements. Figure 4 illustrates this process for a simple case. 

Another use to which the digital-integrating ratemeter can be put overcomes the in- 
herent problem of visually integrating an x-ray dot map. Because the human eye/brain com- 
bination functions poorly in estimating average dot density, it is usually difficult to 
see small or gradual intensity changes in a dot map. Only by counting for extremely long 
times to build up a recorded image with 10° dots or more, each one so faint as to just be 
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PIG, 4.--Simulated X-ray maps illustrating various logical combinations of elements. 

(a) "Normal'' dot map showing a region of concentration for one element (Ca) and a back- 
ground dot level where Ca is absent. (b) "'Enhanced" dot map showing elimination of back- 
ground dots, which is done by enabling dots to be shown only where count rate exceeds 
threshold. (c) "Normal'' dot map for a second element (Si), which is concentrated in area 
that partially overlaps Ca-rich area, (d) Conventional dot map obtained by setting energy 
windows on both Ca and Si peaks. Logically, this is the image of Ca or Si and does not 
distinguish region rich in both from that containing only one or the other. (e) Map of 
region containing both Ca and Si; image is produced by enabling Ca dots to be shown only 
in region where Si intensity exceeds threshold, Note that some background dots appear in 
Si-rich area as well, {(f) Map similar to (e) but formed by enabling Si dots to be shown 
where Ca intensity is high; poorer image results because of dots in the background area. 


298 


discernible on the film, can one produce an image with a recognizable gray scale in which 
brightness variations correspond to intensity variations. Since the digital ratemeter can 
be set to an integration time short enough to allow reasonable sweep speeds, and the real 
time-dead time correction allows high count rates to be used, it becomes practical to 
photograph an image that is intensity modulated by the ratemeter voltage output, so that 
an x-ray map of brightness rather than discrete dots is obtained. Of course, multiple 
line scans with deflection modulation are also possible. Both show two-dimensional pat- 
terns of element intensity distribution that would be difficult to see in conventional 
x-ray dot maps. Fig. 5 shows examples of the latter mode of display. Intensity-modulated 
images are shown in Fig. 6. 


Stored Line Scans 


Rather than use the words “analog’' and '‘digital'' to describe line scans, as has been 
previous usage, we prefer "real time!’ to describe the mode of operation of the buffered- 
output integrating ratemeter just described. . This instrument in a sense replaces the old- 
er "analog'' or RC ratemeter, though of course it uses digital logic to do so. The other 
type of line scan mentioned previously, the so-called "digital" or MCS (multichannel scal- 
ing) linescan, has been superseded by our new type of stored line scan. In this mode of 
operation the same ratemeter circuit and same digital energy windows(s) function to produce 


FIG. 5.--Series of line scans displaced vertically across specimen can give two-dimensional 
distribution pattern. 


a dead-time-corrected value of counts-per-(live)-second, but instead of being passed to 
the SEM display vertical deflection amplifier as a voltage, it is stored in the MCA 
memory. Unlike the older method, which stored counts, this method stores corrected 

counts per second. Also, since there are four simultaneously but separately active energy 
windows in the MCA, we can simultaneously store four line scans for different elements or 
energy windows (each one with multiple segments if desired). 

The resulting display on the multichannel analyzer video screen is particularly effec- 
tive with color coding, with a different color assigned to the dots of each element's line. 
Figure 7, reproduced in black and white, loses some of the impact of the color but still 
shows clearly the correspondence between patterns of element distribution. 
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FIG. 6.--Intensity-modulated rather than pulse-modulated images can be formed with series 
of line scans: (a) FeS» grain; (b) 'normal'' x-ray map for S; (c) same data as in (b), 
converted to brightness and very coarse 40 x 40 matrix of points; (d) similar image as in 
(c) but converted to approximate map of sulfur concentration rather than intensity, ob- 
tained from ratio of net peak to hackground as described in text. 


FIG. 7.--Stored line scans for Fe, Cr, and 
Ni, as well as background in window set 
below Cr and above Ni, across grain bound- 
ary in thin section of stainless steel, ex- 
amined in STEM. Display actually shows the 
four profiles with color coding. 
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Since the data are stored, it requires only a triggering pulse either from analyzer to 
SEM (to start the beam sweep) or conversely (to start the memory address advance) to make 
it possible to build up a set of line scans by repetitive scanning. Since the vertical 
scale of the display is counts per second, the data are signal-averaged so that with each 
successive sweep the new value is averaged with the old ones, with appropriate weighting 
based on the number of sweeps. For the nth sweep, if the previously stored count rate 
value was Rg and the new value is R,, the subsequently stored value will be 


n- 1] 


1 
RS Ry 


In this way the statistical quality of the stored and displayed line scans improves, 
but the vertical scale does not change. Since the analyzer memory has a total of 4000 
channels, and scans for four elements can be simultaneously stored, it is possible to se- 
lect a time base for the integration that uses up to 1000 points for the length of the 
beam scan across the sample. The cursor indicates the position along the horizontal 
scale if the user has entered the correspondence between time and position, and if that 
relationship is linear. All four scans are displayed superimposed and color coded. 


Displaying Stored Seans 


Aithough the mode just described can often be viewed and interpreted directly, espe- 
cially in cases where changes in intensity for one element correspond (positively or in- 
versely) to changes in another, one would still want to view and/or photograph the line 
scan on the SEM display, where it will be in proper registration with the image. That 
goal can readily be accomplished by use of the existing buffered output circuitry of the 
ratemeter, normally used for real-time scans, As the beam scans across the sample, the 
counts-per-(live)-second data are taken from one of the stored line scans in memory and 
used to generate the output voltage that is passed to the vertical deflection axis of 
the SEM display, where it then appears the same as a real-time scan; so multiple-sweep 
data can be accumulated and then "played out" for viewing, or data can be taken once 
and then re-played on the display with different full-scale (or linear/logarithmic) se- 
lections. 


Content Mapping 


If the beam sweep is not confined to a single line, but is allowed to raster over the 

entire image area, the multiple-sweep storage mode can be used to produce a content map. 
In this case, the user selects a number of "image points" for the entire picture area, 
which can practically range from 100 x 100 down to as little as 25 x 25. All the informa- 
tion in the square area centered around each point of the image can then be automatically 
averaged and ultimately can be displayed as a content map. Consider for example a beam 
scanning 1000 lines on the sample, with the horizontal sweep for each line subdivided by 
the integratir time of the ratemeter and channel address in the MCA into 1000 points. 
If the first twenty sweeps are signal averaged as described above in the section on Stored 
Line Scans, and then the contents--which are in counts-per-(live)-second--of each group of 
twenty channels in the scan for each element are averaged, the result is 50 numbers. They 
are transferred into computer storage and the process is repeated for the next twenty beam 
scans, and so on. 

The result is an array of 50 x 50 corrected intensity values for each of four elemental 
energy windows. These data can be "played back" to the SEM display as a brightness ~-modu- 
lated "checkerboard" image for one element at a time, by means of the ratemeter output 
circuit as described before. Figure 8 illustrates the kind of data obtained, as well as 
the possibility of recording the data on the printer or other hard-copy device.° Display- 
ing the result as a series of deflection-modulated lines produces a result similar to Fig. 
5, With a single horizontal line selected for additional display if desired. A brightness- 
modulated display of this type is similar to Figs. 6 c and d. Not only can various selec- 
tions of full-scale and log/linear display be used on the stored data, but the content-map 
image is also quite readily interpretable to the eye, despite its comparatively poor reso- 
lution and small number of image points. 
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Processed Line Scans 


When multiple-element line scans are simultaneously stored, it becomes interesting to 
use simple modes of data processing to combine them. In many cases we are interested not 
so much in the variation of one element across the sample as in the relationship between 
variations of several elements. It is difficult to study this relationship with conven- 
tional line scans taken one at a time or even to see in the simultaneous scans presented 
together (as in Fig. 8). By adding the capability to store the multiple scans and to dis- 


play any arithmetic combination of them, we introduce the possibility of seeing the rela- 
tionships more clearly. 
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FIG. 9.--Processed line scans can show element concentration relationships (derived from 
measured data in Fig. 7). (a) (Fe - BG) /BG gives iron concentration corrected for density 
times thickness variation in sample; (b) (Cr - BG)/BG gives Cr profile; (c) Fe/Cr ratio. 


| FIG. 10.--Processed line scans can compensate 
| for topographic effects (same specimen and 

| line as shown in Fig. 1c,d). (a) S - BG,)/BG) 

| where BG, is window set just below sulfur K, 
peak. Sulfur net peak-to-background ratio re- 
‘Mains nearly constant across irregular sample 
> surface. (b) [(S - BG,)/BG,]/[(Fe -: BG) /BGo] 
| where BG) is window set between iron K, and 

| Kg, which approximates S/Fe ratio, shown to be 
| constant despite uneven sample topography. 
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For example, it may be clear that both Ca and Si increase or decrease in the same 
grains of a mineral, but by displaying the ratio of Ca/Si (or the inverse) we can see 
whether the stoichiometry remains essentially the same (apart from second-order effects, 
which would require a full ZAF computation) or not. 

A particularly useful extension of this combination or ratio method results when one 
of the four energy windows is set on background (typically with several window segments 
on different portions of the continuum). The background intensity can be used to over- 
come, to a first-order approximation, many of the topographical and density problems de- 
scribed previously." For example, in a thin section in STEM, the ratio Ca/BG shows real 
variations in calcium localization independent of the density change associated with the 
precipitates. Since subtraction can also be easily computed point by point on the line 
scans, it is even better to display the net calcium variation (Ca-BG)/BG for this case. 
Figure 9 shows several processed line scans for a thin section. 

For bulk samples, one can partially compensate for the effects of surface geometry by 
setting a background window at an energy near the peak of an element of interest. The 
effect of changing surface orientation, which particularly changes the absorption path 
length of the x rays, is similar for the characteristic x rays and for the continuum x rays 
of nearly the same energy. Hence the problem shown in Fig. 1b can be largely compensated, 
as shown in Fig. 10 by means of the (S - BG)/BG signal. The ratio of S to Fe in this 
specimen is also shown to be uniform by the plot of [(S;- BG,)/GB ]/[ (Fe - BGj)/BGy] for 
the case of two background windows set up at energies near the Fe and S peaks, The sys- 
tem allows any arithmetic combination of terms to be selected. Finally, the same advan- 
tages of combining line scans from several elements can also be realized with the stored 
array of intensities described under content mapping, so that element/element, element/ 
background, and other combinations can be displayed. 

These processed line scans thus satisfy goals 6 and 7 on our original list, 


Coneluston 


Seven goals were established to overcome some of the limitations of line scans as 
they are presently used. The goals, all of which are met by the new methods set forth, 
can be summarized as follows: 


Produce line scans with no "time-constant" RC effects. 

Use exact (digital) energy windows set on the spectrum display. 
Correct for count rate and dead-time effects. 

Present the scans on the SEM, in registration with the image. 
Allow for multiple sweeps to build up a line scan. 

Correct for geometry, density, and second-element effects. 
Collect multiple scans at once. 


NAO PWN FE 


In addition, the equipment needed to satisfy these goals may be used to extend some 
of the same features to area scans, in the form of enhanced dot maps, content maps, and 
"compound" maps. Line scans and area scans contain much information about element dis- 
tribution, and hence are attractive to the scanning electron microscopist. By making the 
information contained more accurate and interpretable, these methods will become a valu- 
able tool in conjunction with the SEM and STEM. 
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A NEW TECHNIQUE FOR BEAM CURRENT NORMALIZATION IN ENERGY DISPERSIVE ANALYSIS 
J. J. McCarthy 


An important limiting factor in obtaining accurate and reliable quantitative analysis 
by energy-dispersive spectrometry (EDS) is the stability of the electron beam current of 
the scanning electron microscope (SEM). Various techniques seek to minimize the impact of 
unstable beam current: use of a Faraday cup, use of an isolated aperture for continuous 
monitoring and current regulation, and monitoring the absorbed current on the specimen it- 
self. Each of these methods has some disadvantages. Faraday cups can be awkward to manipu- 
late and suffer from the inability to monitor the beam during collection of x-ray data, 
which limits their application to only long-term drifts. Isolated apertures provide con- 
tinuous monitoring, and can be used with additional circuitry for beam stabilization, but 
can suffer because of nonlinear response and the difficulty of providing good closed-loop 
regulation at currents used for EDS. Additional hardware to digitize and scale aperture 
readings precisely may also be required. More important, some low-cost instruments cannot 
be fitted with such an aperture at all. Monitoring the specimen current is complicated by 
the need to separate the atomic number dependence from other beam variations. 

The purpose of this paper is to describe a new technique for beam-current normalization 
that overcomes most of the difficulties described above. (It is the subject of a patent ap- 
plication by Tracor Northern, Inc.) 


Desertptton 


This technique employs a digital current integrator that combines a current-to-frequency 
converter with circuitry that is capable of modulating the normal EDS analyzer dead time in 
a manner directly proportional to the beam current. EDS acquisition is thus based on a 
fixed beam current integral rather than a fixed acquisition time. Since this beam-current 
normalization is accomplished entirely by the circuitry of the integrator, the device may 
be used with any EDS analyzer that provides access to a suitable dead-time signal. The de- 
vice may be used with an isolated current-measuring aperture or with specimen current. 

In order to test the performance of the current integrator over large current ranges, 
data were collected on both a table-top SEM by monitoring of specimen current, and on an- 
other instrument fitted with an isolated aperture. Since the total number of x rays gene- 
rated in the specimen is directly proportional to the number of absorbed electrons, the 
total integral of the x-ray spectrum was used to indicate the absorbed current. Results 
of one set of measurements are shown in Fig. 1. The upper trace represents the total x-ray 
counts as a function of beam current without use of the digital current integrator. As the 
current is doubled, so are the total x-ray counts. The lower trace represents the total 
x-ray counts as a function of beam current when the integrator is used. 

In this case, the variation in total x-ray counts is within counting statistics (+0.4%) 
over the entire current range (100% variation). This absence of dependence on beam current 
is ideal for quantitative analysis. 

Data have been also obtained by monitoring of the specimen current on a table-top SEM 
(Fig. 2). Note that the vertical axis is a log scale. In this case, the variation of total 
x-ray counts shows a slight dependence (15%) on specimen current over a wide range of nearly 
a factor of ten in current. For a current change of a factor of two near the middle of this 
series of data the variation in total x-ray counts is about +0.8%. This figure exceeds the 
expected statistical variation, but is still acceptable for quantitative analysis. 

The use of data obtained by monitoring of the specimen current for quantitative analysis 
is complicated by the fact that the specimen current depends on the average atomic number of 
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X-RAY COUNTS (+10) 
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X-RAY COUNTS (+105) 


FIG. 1.--Total x-ray counts as function of 
aperture current. A: digital integrator 
not used to compensate EDS acquisition; B: 
with integrator. In this case, x-ray 
counts are constant within counting statis- 
tics over entire current range. 
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FIG. 2.--Total x-ray counts as function of specimen current for table-top SEM. (Vertical 
axis has log scale.) A: without integrator; B: with integrator. Trace B shows 15% vari- 
ation over entire current range. 


the specimen. Since most matrix correction procedures require data that are normalized to 
fixed incident current (not specimen current), data normalized to specimen current must be 
corrected to the proper incident current values before processing. 


Coneluston 


A new technique of beam current normalization for EDS analysis has been described. Thx 
method employs a digital current integrator capable of modulating the normal dead-time sig: 
nal of an EDS analyzer. No additional hardware or software are required. Data have been 
presented that show this device can efficiently compensate the EDS data for significant 
changes in the electron-beam current. 
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APPLICATIONS OF A DIGITAL SCAN GENERATOR TO EDS ANALYSIS 
J. J. McCarthy 


As the use of digital computers for automation of wave-dispersive and energy-dispersive 
operations has become commonplace, interest has been generated for using the computer to 
control other functions of the electron column, A frequently discussed possibility is to 
place the beam position under direct computer control, This development has direct impact 
on many areas of column applications, including improvement in column imaging capability, 
elemental mapping and profiling, and particle detection and counting. As an example, con- 
Sider the application of digital beam control to elemental mapping and line profiles. 

X-ray detection is inherently rate-limited by the Si(Li) detector electronics. An ap- 
propriate counting interval is necessary before a statistically meaningful number of x-ray 
counts can be acquired. This consideration is crucial when one performs feature enhance- 
ment via background subtraction and/or count-rate discrimination. 

In conventional scanning electron microscope (SEM) electronics, the electron beam is 
controlled in a continuous raster scan; longer counting intervals can be achieved only by 
Slowing the sweep rate, which leads to unacceptably long analysis times. In contrast, 
digital beam control permits direct control of the raster resolution. This procedure al- 
lows fewer points to be sampled and acceptable statistical levels to be achieved within a 
realistic analysis time. 

Another advantage of digital beam control is that the SEM beam position is precisely 
synchronized with the data-processing computer. This feature facilitates computer-con- 
trolled point counting and averaging applications. Independent control over CRT intensifi- 
cation permits alphanumeric and graphic information to be superimposed on SEM photos. 
Secondary-electron (or BSE) discrimination circuitry permits feature recognition and char- 
acterization based on both visual contrast and x-ray identification. 

It is the purpose of this paper to briefly describe a digital scan generator for elec- 
tron column instruments and discuss its application to EDS analysis. 


Sean Generator Hardware 


The basic hardware components of the scan generator are a joystick, time base, a video 
signal processor, and an X-Y scan controller. These components are contained on several 
printed circuit boards that are plugged into a single chassis, which contains a common data 
bus and the computer interface. This chassis may also contain modules to automate other 
devices on the column, such as stage axes and wavelength-dispersive spectrometers (WDS). 
The video-signal processor includes circuitry for digitizing the SEM video-signal intensity 
(normally secondary electron) and presenting these data to the computer, or writing it back 
to the SEM display screen (CRT). Portions of the digitized signal that fall between two 
selectable thresholds all intensified for display. The scan controller circuitry includes 
digital to analog converters (DACs) for X-Y positioning in addition to providing blanking 
control. The joystick may be used to control the position of an X-Y cursor in the raster 
image. Cursor positions may be read out for later use in positioning the electron beam. 

The scan generator hardware may be used with partial or full software control. For 
example, under partial software control the computer can initiate raster imaging by loading 
the time per point and point separation into the scan generator. At this point the raster 
is carried out without further computer involvement. 


Beam Control Software 


Software has been written to control the various basic functions of the scan generator. 


The author is with Tracor Northern, Inc., in Middleton, Wis. 
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The basic software has been coded as assembly language modules for the PDP-11 series com- 
puters. These programs have been designed for use with the Flextran interpreter language 
available with Tracor Northern analyzer systems, and are denoted Flextran Libraries. The 
basic library functions include beam and cursor position control, line scan and raster con- 
trol, character and data display on SEM CRT, and particle detection and location via the 
video signal. 


Appltcatton to EDS Analysts 


In addition to the basic software, several Flextran programs have been developed for 
specific application to digital x-ray line scans, mapping, and particle location and char- 
acterization. 


Mapping and Line Seans 


Digital line scans and maps may be acquired for up to four elements simultaneously. 
Separate background regions may be defined for each element, and background is subtracted 
on a point-by-point basis. Both types of data may be displayed on the SEM CRT after ac- 
quisition or stored on floppy disk for later recall and processing. Display data includes 
magnification, elemental symbols, a calibrated micron bar, number of scans for line scans, 
and additional label information. Multielement digital maps are displayed for viewing one 
element at a time, with a different display symbol for each element. This procedure allows 
total map photographs to be built up with multiple exposures. 

The beginning and end points of line scans are conveniently set up with the cursor via 
the joystick. Single-element line scans may contain up to 1024 points, four-element scans. 
up to 256 points. The path the electron beam traversed during the line scan is displayed 
in addition to the other data. Figure 1 is an example of a four-element line scan across 
an interface region of a section of solar cell. 

Single-element digital maps are limited to 256 by 256 points, and four-element maps to 
128 by 128 points. In addition to background subtraction, digital maps may be enhanced by 
rejection of counts beneath a threshold level. Digital maps may also be processed after 
acquisition to obtain the total area covered by each element, the average horizontal chord 
length for all features containing each element, and the chord length distribution of all 
features containing each element. Figure 2 is an example of the display of a multielement 
digital map. The photograph is a multiple exposure taken of the SEM CRT. 


Parttele Characterizatton. 


Individual particles within a field of view may be detected by a comparison of the dig- 
itized SEM video signal to a threshold level on a point-to-point basis. After a particle 
is detected, the approximate particle center is located, and a series of rotated particle 
diameters are measured. From these measurements an average diameter and crude particle are 
and perimeter may be obtained. Figure 3 shows the motion of the electron beam during the 
location and sizing of several particles in a frame. The technique is limited to simple, 
well-dispersed particle fields. After the initial sizing has been completed, the beam is 
repositioned to the particle center and an EDS acquisition is begun for the number of sec- 
onds specified by the operator during the setup phase of the program. After the acquisi- 
tion, up to eight regions of interest may be inspected for net counts so that the particle 
may be chemically characterized. Up to fifteen chemical types may be defined by the opera- 
tor by name for comparison to each result from a particle. Multiple-frame average sizes 
and diameter histograms are accumulated for each of the fifteen types as well as for all 
types of particles. Individual particle results as well as tabulated averages for all par- 
ticle types can be typed out. 


Coneluston 


A digital scan generator for electron-column instruments and its application to EDS 
analysis has been discussed. These applications include multielement digital line scans 
and maps as well as detection and chemical characterization using EDS analysis of individ- 
ual particles. 
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FIG. 1.--Four-element digital line scan display. Diagonal line shows path of beam during 
line scan acquisitions. 


FIG. 2.--Multielement digital map of region where line scan of Fig. 1 was acquired. 


FIG. 3.--Example of motion of electron beam during location and sizing of several parti- 
cles within raster frame. 
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BACKSCATTER ELECTRON DETECTORS ON ENERGY-DISPERSIVE X-RAY SPECTROMETERS 


Steven R. Hayashi and Roger B. Bolon 


An inexpensive solid-state backscatter electron (BSE) detector has been mounted on 
the snout of an energy-dispersive x-ray spectrometer (EDS). In this position, the re- 
sulting image, from rough surfaces such as fractures, reveals the same shadowing experi- 
enced by the x rays. Obscured structures, normally visible with secondary electrons (SE) 
or BSEs from a different direction, are avoided. This technique can save analysis time 
and aid in the interpretation of x-ray distribution images. An additional advantage with 
retractable EDS detectors is that the signal strength can be increased if one moves closer 
to the sample. Several applications have been developed. 


The authors are in Corporate Research and Development of the General Electric Co. in 
Schenectady, NY 12301. 
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Surface Microanalysis 


AUGER ELECTRON SPECTROSCOPY (AES) FOR CHARACTERIZATION OF SEMICONDUCTOR 
MANUFACTURING PROCESSES 


E. K. Brandis and H. S. Wildman 


With the advent of higher levels of integration of semiconductor circuits, more strin- 
gent demands have been placed on the physical characterization of the circuits during man- 
ufacturing. The manufacture of integrated circuits consists of a large number of: consecu- 
tive deposition and etching steps. To obtain a high process yield, a very detailed chem- 
ical and physical analysisis often required to insure the integrity of each individual 
processing step. It is the purpose of this paper to illustrate the use of high spatial 
resolution AES in achieving this goal. Applications of AES have been grouped into five 
categories. 


1. Elemental Surface Analysts 


One obvious application of AES is the analysis of residue after a chemical- or plasma- 
etching step. For example, with submicron spatial resolution it was possible to detect 
trace amounts of copper residue in an emitter contact area after a rework operation. This 
small amount of Cu, not detectable by electron microprobe (EMP) analysis, caused a high 
contact resistance after subsequent metal deposition. Another typical example is the AES 
surface analysis of a metal film inside a contact hole after the wafer had been subjected 
to a sputter-cleaning step. AES analysis easily determined the presence of Si due to re- 
deposition from the surrounding Si0» surfaces. 


2. Measurements of Oxide Thiteknesses 


With the use of multilayer structures, contact resistances and-diffusion barriers be- 
tween component layers present potential problems. Therefore, it is necessary to analyze 
and measure the thickness of surface films at each level. The thickness of thin layers 
of SiO» and of Al»oO3, up to a thickness of 120 A, can be measured with a method described 
by Chang and Boulin,! in which the chemically shifted KLL peak heights from Si and from 
Si0> (or Al and Alj203) are measured by means of an electron spectrometer with 0.3% energy 
resolution. The oxide thickness can be determined from the ratio of the two peaks, since 
the silicon signal from the substrate is attenuated, whereas the signal from the Si05 
grows with increasing oxide thickness, according to exponential laws characterized by the 
same electron escape distance. This method can be used to measure oxide thickness varia- 
tions of only a few angstroms, a measurement that is extremely useful in studying the ef- 
fects of chemical rinses and plasma photoresist stripping on the growth of oxides on metal 
and silicon surfaces (Table 1). 


3. Chemical Informatton 


Schottky barrier diodes and some diffusions are sensitive to very thin surface layers 
on silicon., The Si LVV (55-92eV) transition is sensitive to differences in Si bonding 
within a 10A-thick layer. One feature of AES that has not been fully exploited is that 
it can give Si bonding information within a smaller area than is possible by the use of 
electron spectroscopy for chemical analysis (ESCA). However, to avoid electron beam dam- 
age, very low beam current densities must be used; thus, shifts in the position of the 
silicon peaks could be used to identify chemically very thin films in contacts. 


The authors are with IBM Data Systems Division, East Fishkill, Hopewell Junction, 
NY 12533. 


TABLE 1,--AES silicon oxide thickness measurements. 


Method Oxide 4 
of Growth Temp (°C) Time (min) | Thickness (A) 


H5S0, Rinse 120 10 15.5 
0, Plasma (Syst. A)* 

with tunnel vg 5 17.1 
0. Plasma (Syst. B) 

with tunnel ? 45 17.3 
0, Plasma (Syst. B) 

with tunnel ? 45 19.6 
0, Plasma (Syst. A) | 

without tunnel ? 5 23.1 
Dry 05 800 1.7 18.7 
Dry 05 800 4 20.1 
Dry 0. 800 10 27.4 


*Syst. A and B refers to different models of LFE plasma reactors 
used for photoresist stripping. The "tunnel" is an Al Faraday cage 
used to shield the wafers from the plasma. 


4, Proftling 


AES is frequently used with ion sputter etching to obtain in-depth distribution pro- 
files of thin films, a unique feature not available in other electron-beam analytical 
techniques. For example, in the analysis of failures in terminal metal vias with high 
resistances, the electron microprobe related the high resistance to a high oxygen signal 
from a chromium layer beneath the solder pad; but Auger profiling showed that the chromium 
had a low oxygen content and that the high oxygen signal came from an oxide-rich layer, a 
result of Al pitting corrosion present between the Cr and Al layers (Fig. 1). 

For profiling of relatively thick films, where ion milling combined with surface analy 
Sis would be time consuming and the depth resolution not accurate enough, a taper-section 
method can be used. A taper section provides a geometrical magnification of the thickness 
of the deposited film. The shallow escape depth, coupled with the small beam of the high- 
spatial-resolution AES system, enables one to obtain a composition profile by stepping the 
beam across the taper section and recording the Auger electron intensity at each point. 

In Fig. 2, the method is illustrated for the determination of the phosphorus concentration 
of a phosphosilicate glass film. 


5, AES as a Complementary Method 


In many instances AES is only one of the methods used in the solution of a semiconduc- 
tor materials problem. For example, to make rapid measurements of a large number of vary- 
ing thicknesses of lead/tin oxides, we decided to use the electron microprobe by measuring 
the x-ray oxygen intensity as a function of oxide thickness, ESCA analysis of a large are 
of the surface provided information about the type of oxide present, whereas AES analysis, 
coupled with ion milling, determined the in-depth distribution of the three elements in- 
volved. With the AES and ESCA information it was possible to generate reliable oxide- 
thickness measurements by use of the electron microprobe alone. 

Another example of AES application is the characterization of the structure of chromit 
chromium oxide films.? In this work the combined measurements obtained from AES, transmis 
sion electron microscope (TEM), and temperature coefficient of resistivity (TCR) on the 
same films provided the desired understanding of the behavior of the films as a function 
of a deposition parameters. 
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FIG. 1.--In-depth profile of via contact with high resistance. 
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In summary, AES is a very practical analytical tool for providing unique information 
about small areas of an integrated circuit, The surface sensitivity of AES in conjunc- 
tion with sputter etching allows one to determine the elemental composition of the surface 
and the oxide thicknesses, and to generate in-depth distribution profiles. This type of 
information complements other analytical instruments, such as TEM and EMP, and gives a 
more complete characterization of a materials problem. 
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SIMULTANEOUS MULTITECHNIQUE ANALYSIS: SEM, SAM, AND EDX 
C. T. Hovland and R. L. Gerlach 


Characterization of materials is most effective when combined techniques are used for 
investigation. The topological information supplied by the scanning electron microscope 
(SEM) becomes more useful to the analyst when complimentary chemical information is ob- 
tained by energy-dispersive x-ray (EDX) analysis and scanning Auger microprobe (SAM) analy- 
sis.} All three techniques can in fact be performed simultaneously to maximize the infor- 
mation gathering rate per sample. 

For chemical characterization of materials, the analyst is concerned with the sensi- 
tivity of the technique in absolute elemental concentration and the elemental volume analy- 
zed by the technique. The basis for comparison of the elemental sensitivity of EDX and SAM 
analysis must include a comparison of the relative analysis volumes for each technique. ? 
For such a comparison one finds that EDX analysis and SAM analysis are complementary both 
in the volume analyzed and the resultant elemental sensitivity. SAM analysis is surface 
sensitive; a typical analysis depth is the first 10 A of the surface. Within this depth 
all elements with Z > 3 are analyzed with relatively uniform sensitivity. Conversely, EDX 
analysis analyzes a depth of 1 to 3 um depending on the beam voltage and the selected x-ray 
line. In general, for Z > 10 EDX analysis can be performed with relatively uniform sensi- 
tivity across the periodic table by the use of higher beam voltages or higher-level x-ray 
transitions. 

For both SAM analysis and EDX analysis the volume analyzed for a focused beam is a func- 
tion of the spot size, the beam voltage, the volume distribution of backscattered electrons, 
and the escape volume of the x rays or Auger electrons. For a specimen that has a uniform 
chemistry from surface to bulk, the combined techniques of SAM and EDX analyses provide the 
analyst with relatively uniform sensitivity to the elements in the periodic table for Z > 3, 
For such a uniform sample, the complementary nature of Auger and x-ray emission processes 
allows the analyst to choose operating parameters such that either the Auger yield or x-ray 
yield is nearly unity. If we denote the Auger yield for a K-shell excitation as a, and the 
fluorescence yield for a K-shell excitation as w,, then? 


w = l- a (1) 


For a K-shell excitation the two techniques strictly complement each other in yield 
across the periodic table. The relationship described by Eq. (1) is also valid for higher 
level transitions. Figure 1 shows the variation of the fluorescence yield and the Auger 
yield as a function of atomic number and illustrates the complementary nature of Auger and 
x-ray yields. Furthermore, Fig. 1 shows that by judicious selection of the Auger transi- 
tion used for the analysis (i.e., the Auger peak energy) the analyst can always work in a 
region in which the Auger yield is nearly uniform for all Z > 3 elements. 

The absolute yield, particles per incident electron, is a function of the beam voltage 
and the contribution of backscattered electrons produced in the analysis volume. To achieve 
high-sensitivity EDX analysis, the beam voltage is usually increased to operate in a region 
of high fluorescence yield. The increased beam voltage results in a larger analysis volume 
and consequently may complicate the analysis of layered specimens or the analysis of par- 
ticles on a substrate. However, the larger analysis volume of EDX has the advantage of 
"seeing below the surface" without specimen erosion or special sample preparation. A comple- 
mentary SAM analysis uniquely identifies the surface chemistry and minimizes the contribu- 
tion of the substrate to the analysis. 


The authors are at the Physical Electronics Division of Perkin Elmer Corp., 6509 
Flying Cloud Dr., Eden Prairie, MN 55343. 
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FIG. 1.--Auger yield and fluorescence yield vs atomic number. 


For microprobe analysis the analyst is usually interested in the characterization of 
three-dimensional chemistry and topography of the specimen. SAM analysis combined with 
EDX analysis, when used in conjunction with sample-etching techniques such as tn sttu ion 
sputter etching, also can yield chemical information on the transition region between the 
surface region and the bulk of the specimen. Furthermore, EDX can "see below the surface 
to identify elements of interest for performing in-depth SAM elemental analysis. In this 
way EDX analysis is utilized to select not only the elements of interest for thin-film 
analysis but also provides the analyst with the information required to set sensitivity 
levels, analysis time, and sputtering rate. 

In summary, SEM analysis combined with SAM and EDX analysis provides the analytical 
chemist with a multitechnique approach to solving complex materials characterization prob 
lems. 
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APPLICATIONS OF SURFACE ANALYTIC TECHNIQUES TO MATERIALS SCIENCE 
H. L. Marcus 


Several applications of surface-sensitive measuring techniques to problems in ma- 
terials science have been reviewed and compared: AES, SIMS, IMMA, microprobe, ESCA, and 
UPS, with the main emphasis on the first four approaches. Topics in metallurgy, ceramics, 
corrosion, and some engineering applications have been included. The dominant applica- 
tion in metallurgy has been to fracture studies. Several aspects of these studies can 
be described for a range of systems, including temper embrittlement of steels, interface 
chemistries related to fatigue, and strength of metal-matrix composites. Corrosion and 
oxidation studies have also been covered. Studies of the influence of free surfaces on 
the local chemistry of metals and ceramics have been discussed. In ceramics they are 
related to the valence states of the atoms. Where appropriate, comparisons of the re- 
sults obtained with different surface analytic methods are made. 


The author is in the Departments of Mechanical Engineering and of Materials Science 
and Engineering at the University of Texas in Austin, TX 78712. This work is supported 
by the Office of Naval Research under contract N00014-78-C-0094, 
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ACCURACY OF QUANTITATIVE AUGER ANALYSIS OF Cr-Fe-Ni ALLOYS 
Fredrick Bacon and W. G. Morris 


Auger electron spectroscopy (AES) is a well-established technique for qualitative anal 
ysis of elements on the topmost few atom layers of solids.! However, quantitative analysi 
by AES is still in its infancy since many of the parameters on which the Auger current de- 
pends have not been measured or cannot be assessed a priori. Many of the uncertainties 
in quantifying Auger data can be overcome by normalizing measured Auger currents of ele- 
ments (Z) to the measured Auger current of a standard element, silver, by which a set of 
relative elemental Auger sensitivity factors Sag(Z,eV) is generated. ! For identical ex- 
perimental conditions and surface textures, the elemental sensitivity factors represent a 
ratio of mainly atomic parameters; i.e., the electron-impact ionization cross section and 
the probability of Auger electron emission. 

It is conventional to measure the derivative of the Auger current; it has been estab- 
lished that the peak-to-peak height of the differentiated Auger current I is proportional 
to the atomic concentration C.3 Therefore, provided appropriate standards are used, the 
sensitivity factor approach towards quantifying Auger data should still give reasonable 
accuracy by use of expressions of the form 


= i =1 i “1 
C; Page [eA IS (ise¥))] 

Since the relative elemental sensitivity factors are mainly ratios of atomic paramete1 
and do not necessarily and accurately account for matrix effects, a detailed study of allc 
systems to assess matrix effects on the accuracy of Auger quantitation by sensitivity fac- 
tors would be useful. Accordingly, the intent of this paper is three-fold: 


1. to compare the accuracy of compositions calculated by sensitivity factors measurec 
from elemental standard with those measured from alloy systems for Fe-Cr-Ni alloy; 

2. to evaluate possible variations in composition from grain to grain in Fe-Cr-Ni al- 
loys with a grain size of approximately 10 u; and 

3. to correlate the accuracy of calculated compositions with possible secondary and 
impurity phases present in Fe-Cr-Ni alloys. 


Measured elemental sensitivity factors relative to a silver standard for metallograph- 
ically polished samples of iron, nickel, and chromium, and alloy sensitivity factors for 
polished 35Fe-35Ni-30Cr alloys, have been obtained. Alloy compositions calculated for 
sputter cleaned surfaces from both types of sensitivity factors have been compared with 
compositions obtained by quantitative x-ray fluorescence analysis. Preferential sputter- 
ing during tm sttu ion sputter cleaning has been checked by comparison of sputter cleaned 
surface compositions with those obtained from in situ fracture surfaces. The inter- and 
intra grain variation in calculated compositions for the alloys have been evaluated by 
means of high-spatial-resolution scanning Auger microscopy. In addition, the effects of 
distribution and types of phases on the accuracy of calculated compositions have been de- 
termined. Transmission electron microscopy is used to characterize the distribution and 
types of phases in the alloy. 


References 


1. L. W. Davis et al., Handbook of Auger Electron Spectroscopy, Eden Prairier, Minn. 
Physical Electronic Industries, 1976, 2nd ed. 

Zz. P. W. Palmberg, "Quantitative auger electron spectroscopy using elemental sensi- 
tivity factors," J. Vac. Set. Technol. 13: 214, 1976. 

3. R. E. Weber and A. L. Johnson, "Determination of surface structures using LEED 
and energy analysis of scattered electrons," J. Appl. Phys. 40: 314, 1969. 


The authors are at General Electric Co.'s Research and Development Center in Schenect; 
NY. 12301. 


318 


Dale E. Newbury, Ed., Microbeam Analysis — 1979 
Copyright © 1979 by San Francisco Press, Inc., 547 Howard St., San Francisco, CA 94105 


HIGH-RESOLUTION SCANNING AUGER ELECTRON MICROSCOPE EQUIPPED WITH A FIELD-EMISSION GUN 
H. Todokoro, Y. Sakitani, S. Fukuhara and Y. Okajima 


A scanning Auger electron microscope has been developed which is equipped with a field 
emission gun (FE-gun), The emission current of 100 pA can be obtained for more than 8 hr. 
A schematic diagram of the microscope is shown in Fig, 1. This microscope has a simple op- 
tical system, which is composed of an FE tip, Butler type anodes, and a single magnetic 
lens. The probe diameter is varied from 20 to 500 nm by selection of the aperture size. 
Electron beam voltage can be chosen in the range 3-10 kV. The Auger signal is detected by 
the differential-mode operation of -a Cylindrical Mirror Analyzer (CMA), The pressures in 
the FE gun and the specimen chamber are 6 x 1078 Pa and 1 x 107? Pa, respectively. Sec- 
ondary-electron images can be observed by the slow-scanning CRT mode and also by the TV- 
scanning-rate CRT mode. The TV-scanning-rate imaging provides easy focusing and easy selec- 
tion of analyzing points. 

The secondary-electron image of an evaporated gold film on carbon plate is shown in 
Fig. 2. The arrow shows the crack in the film, which demonstrates spatial resolution of 
20 nm. 

The spatial resolution of Auger electron image is measured by line scanning at the 
Si-Al boundary, The specimen was prepared by selectively etching of an aluminum layer (20 
nm) evaporated on Si substrate. The secondary electron image and the Si (LMM) signal pro- 
file at the boundary are shown in Fig. 3. The profile indicates that the spatial resolu- 
tion is approximately 20 nm. 

As an application of the analysis with this microscope, deposits in a high-temperature 
alloy were observed and analyzed. The results are shown in Fig. 4. The construction of 
the alloy is iron (54%), chromium (25%), and nickel (20%), with additions such as titanium 
(0.4%) and niobium (0.4%). Two different deposits are observed in the absorbed-current 
image. Auger spectra were taken on the substrate (A) and on the deposits (B and C). It 
was found that deposit B contains titanium and niobium; and deposit C, chromium. Carbon 
is detected in both deposits. Auger signal maps of titanium, chromium, and carbon taken 
from the same area were depicted as shown in the bottom micrographs. The figures clearly 
indicate that deposit B is titanium and carbon and that deposit C is chromium and carbon. 
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FIG. 1.--Schematic diagram of scanning Auger electron microscope. 


Authors Todokoro, Sakitani, and Fukuhara are at the Central Research Laboratory of 


Hitachi Ltd., Kokubunji, Tokyo: author Okajima is at the Hitachi Research Laboratory in 
Omika Ibaraki, Japan, 
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FIG. 2.--Secondary electron image of evap- FIG. 3.--Si (LMM) line-scanning pro- 
orated gold film. Arrow shows 20nm-wide file (bottom) and secondary-electron 
crack in film. _ image (top) of Si-Al boundary. 
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FIG. 4.--Analysis of deposits in high-temperature alloy: absorbed current image (top), 
Auger spectra (middle), Auger signal maps (bottom); beam voltage 5 kV, probe current 
2.5 x 10-8 A, probe diameter 150 nm. 
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EXTENDING REPLICATION METHODS TO AUGER SPECTROSCOPY BY USING CONDUCTIVE REPLICAS 
P. B. DeGroot and R. H. Scott 


Replication of surfaces has been a very useful technique in electron microscopy and 
microprobe analysis. The method has permitted the study of the surfaces of objects that 
cannot be easily transported to the laboratory or sectioned to obtain samples of suitable 
size. X-ray fluorescence analysis of films or particles removed by the replicating medi- 
um has been especially useful in corrosion studies.!»2 In addition to providing a means 
for analyzing the surfaces of unwieldy objects, replication often enables otherwise in- 
accessible material in cracks or holes to be removed and exposed for analysis. 

It should be helpful to be able to apply the analytical capabilities of the scanning 
Auger microprobe (SAM) to these replicas as well, particularly for the detection of Light 
elements. Unfortunately, the replicating materials commonly used, such as cellulose ace- 
tate, silicone rubber, and various other polymers, are very poor conductors. Auger spec- 
troscopy on these materials is difficult, if not impossible. Therefore, conductive ma- 
terials were sought that would permit Auger analysis of particles adhering to their sur- 
faces. These materials should also retain the ability to reproduce surface microstructure 
faithfully. 

One successful method of making such a replicating material is to add a conductive 
filler to cellulose acetate. Lampblack carbon, with particles below 1 um in diameter, was 
found to be a very good filler. Other forms of carbon with larger particle sizes produced 
a rough surface texture in the acetate material that interfered with the accurate repro- 
duction of microscopic surface detail. 

The preferred preparation method is to add the carbon black to a small amount of ace- 
tone and stir thoroughly to obtain a uniform dispersion of carbon particles. The cellulose 
acetate is then dissolved in the acetone-carbon black suspension. The proportions of cel- 
lulose acetate, carbon, and solvent can be varied over a wide range. However, too much 
carbon results in a replicating material with poor adhesion properties. Too little carbon 
produces insufficient electrical conductivity for easy Auger analysis. A formulation with 
sufficient conductivity and good replicating properties is 1 g cellulose acetate, 0.5 g 
carbon black, and 10 ml acetone, which yields a moderately viscous black suspension. 

Two methods were developed for using this suspension to make C-filled cellulose ace- 
tate sheets suitable for replicating. The first is to pour the material into a clean, 
flat-bottomed glass container and allow the acetone to evaporate. Partially covering the 
container to slow down the evaporation is necessary to produce a wrinkle-free film. A 
layer of the suspension about 5 mm deep produces a dried film about 0.2 mm thick. A sec- 
ond, faster, method is to dilute the conductive suspension further with acetone, and ap- 
ply a thin layer of this solution to the surface of conventional acetate replicating tape. 
When the conductive film has partially dried to a soft sticky surface, the material is 
ready for use. 

The conductive replicating material is used in the usual manner. The conductive film 
is moistened with acetone, and the softened surface is pressed firmly onto the surface to 
be replicated. The film is allowed to dry for about 20 min, then peeled off. 

A practical example of the use of such replicas is shown in Figs. 1 and 2. Figure 1 
shows the absorbed current image of a replica of a 304 stainless-steel surface that had 
experienced stress corrosion cracking. The Auger spectrum of this replica surface (Fig.2) 
indicates that MgCl» was the corrosion-inducing agent. Note that this spectrum was ob- 
tained by means of a relatively high beam current and voltage. Analysis of a similar 
replica by scanning electron microscopy and energy-dispersive x-ray fluorescence (SEM-EDX) 


The authors are with Celanese Chemical Company, Inc., at the Corpus Christi, Texas, 
Technical Center. 


failed to detect the Mg, but did detect Cl. lIon-sputtering experiments in the SAM showed 
the Mg and Cl-containing layer removed by the replica to be only about 0.2 wm thick. 

The carbon-filled cellulose acetate still reproduces microstructural surface features 
accurately, as is demonstrated in Figs. 3 and 4, which are SEM photomicrographs of conven- 
tional and C-filled cellulose acetate replicas of a 316 stainless-steel condenser-tube 
surface that had experienced severe intergranular corrosion. The surface detail shown by 
the uncoated C-filled replica compares favorably with that of the Pd-Au-coated conven- 
tional replica. 


Oo 400 800 1200 1600 200: 


FIG. 1.--Absorbed current SAM photomicro- ELECTRON ENERGY, eV 


graph of C-filled replica of 304 stain- 


less-steel surface that had experienced FIG. 2.--Auger spectrum obtained from area 
stress-corrosion cracking. Dark object of replica shown in Fig. 1. Beam voltage 
in center is hole in replica. Width of 5 kV, beam current 10 pA, beam incidence 
image, 330 jim. 30. 


FIG. 3.--SEM scondary-electron photomicro- FIG. 4.--SEM secondary-elect ron photomicro- 
graph of replica of 316 stainless-steel graph of C-filled cellulose acetate replica 
surface that had intergranular corrosion. of same sample as used for Fig. 3. Replica 
Cellulose acetate replica coated with Pd- is uncoated. Image width 95 jum. 

Au by vacuum evaporation. Image width 

95 um. 


The carbon-filled replicas do dry more slowly than regular acetate tape. They are 
also more difficult to pump to a high vacuum. These effects are probably caused by ace- 
tone absorption on the high-surface-area carbon filler. To overcome this problem, other 
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fillers such as silver, or other powdered metals, and other replicating material such as 
Silicone adhesives can be used. These materials have the disadvantage of adding other 
elements to the Auger spectrum, which may interfere with the analysis of the surface layer 
removed by the replica. 

The use of conductive replicating material brings with it the advantage that SAM meth- 
ods can be applied to surface layers adhering to the replica. The replicas are not much 
more difficult to make than conventional ones, and they are still suitable for analysis 
by other electron microscope and microprobe methods. 
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DETECTION OF MONOLAYER QUANTITIES OF CARBON AND OXYGEN ON SURFACES BY ENERGY-DISPERSIVE 
X-RAY SPECTROMETRY 


R. G. Musket and Y. E. Strausser 


The sensitivity of energy-dispersive x-ray spectrometry (EDXS) has been determined 
for the detection of carbon in thin layers on glass and of oxygen in thin oxides on sil- 
icon. In addition 3-sigma minimum detection limits were compared directly to Auger elec- 
tron spectroscopy (AES) data taken concurrently for the same surface and electron-beam 
conditions (i.e., 5 keV, 150 nA, 60 sec). Detection limits of about one monolayer for 
EDXS were within a factor of ten of those for AES, under the conditions employed. A typ- 
ical EDX spectrum of a thin oxide on SiO» is given in Fig. 1. Optimization of the EDXS 
arrangement by improving the solid angle for x-ray detection and the X-ray take-off angle 
should lead to even better sensitivity for carbon and oxygen. 

Measurements, including tm sttu sputtering, were performed in a standard Auger system 
with an ultra-thin-windowed Si(Li) x-ray detector attached. The 2000A-thick ultra-thin 
window was required to isolate the detector vacuum from the Auger system vacuum during 
sputtering processes in static argon gas and to preclude light from reaching the Si(Li) 
crystal. A magnetic electron trap, which was an integral part of the detector probe, was 
mounted between the window and the sample to prohibit bombardment of the Si(Li) crystal 
by backscattered electrons. 

Implications of these EDXS results with regard to quantifying surface and thin film 
analysis, with and without sputter-profiling, will be discussed. 
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FIG. 1.--Energy-dispersive x-ray spectrum of silicon with 19 A of Si05. 
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RECONSTRUCTING THE OUTER FEW ANGSTROMS OF A SURFACE BY SIMS AND ISS TECHNIQUES 
Gene R. Sparrow 


The recent advent of several new analytical techniques for surface analysis has shown 
a definite need for the routine application ,of these tools in most R&D areas; yet detailed 
investigations of the surface layers (2-50 A) have not been reported in the literature de- 
spite increasingly numerous publications on surface analysis. Each of the major surface 
analytical techniques--Auger Electron Spectroscopy (AES), Electron Spectroscopy for Chemi- 
cal Analysis (ESCA), Ion Scattering Spectroscopy (ISS), and Secondary Ion Mass Spectro- 
scopy (SIMS)--has individual advantages and shortcomings. Scientists involved with active 
modern analytical laboratories are constantly challenged to maintain a state-of-the-art 
awareness of new technology as well as an obligation to utilize the right techniques for 
the right job. It is not sufficient just to provide a solution; it is essential to pro- 
vide the best solution in the minimum time. 

Major considerations for surface analysis are the surface sensitivity and the depth 
resolution one can ultimately realize from a given technique. Detailed analysis of the 
top 5-10 A of a surface is becoming increasingly important, especially for products and 
procedures requiring critical control of the surface. The outer monolayer of a surface 
can completely alter the desired chemical and physical properties of a system in adhesion, 
painting, lubrication, photoconductivity, catalysis, corrosion, etc. Maximum understand- 
ing of these particular surfaces is best achieved through techniques that permit study of 
the outermost atomic layers and subsequent detailed examination of the underlying atomic 
layers. When the ultimate performance or characteristic of a material is dictated by its 
surface properties rather than its bulk properties, the usefulness of information depends 
on the ultimate depth from which the analytical signal originates. In Fig. 1, the solid 
curve B illustrates a substantial decrease of useful surface information as the average 
depth from which the spectrum originates increases. Classical techniques, bulk techniques, 
spark source mass spectrometry, and x-ray techniques generally provide little.useful. sur=. 
face information because the signal originates predominantly from the bulk rather than 
from the surface. The slope of the curve in Fig. 1 certainly depends on the nature of 
the problem. In some cases, there may be little decrease of useful surface information 

RSet e ae Sp ee nee ——emenns For several hundred or even thousand Ang- 
COMPARISON OF TECHNIQUES FOR .,-,-». | stroms, whereas in many systems of the sort 
SURFACE ANALYSIS et -.% | depicted in curve A, there may be almost no 
— .. «+: | useful surface information if the analytical 
| signal originates from depths greater than a 
' ; F | few Angstroms. For analysis of thin films 
nema ‘ Bak | the curves shown in Fig. 1 may be repeated 

‘ iy jai | symetrically in each direction from the in- 
arte \ i terfaces between films. As evident from Fig. 

| 1, the usefulness of Auger and ESCA is pri- 

| marily a result of an analytical signal that 
| originates from the outermost 10-50 A. But 
| understanding of surface chemistry is improved 
| by other techniques, such as ISS or SIMS, for 
| the study the outermost atomic layers. The 
“most extensive characterization of a material 
surface would come from use of all four tech- 
niques, but that is often too costly and time 
consuming to be practical. The studies and 


FIGs 1s --Amount of useful surface. informa- 
tion retrieved as function of sampling depth 
From surface. Relative comparison of nom- 
inal sampling depths for various techniques. 
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applications discussed below illustrate surface-related problems for which routine ISS 
analysis of the outer few Angstroms furnishes new and essential information not readily 
obtained by other techniques. 


Surface Constderattons 


A complete characterization of a surface would be nearly impossible, since it would 
include a detailed coordinated description based on the physical as well as the chemical 
aspects of the specimen. Larrabee presents a fairly complete discussion of modern tech- 
niques available to help characterize surfaces.! The techniques for physical characteri- 
zation of a surface are extensively explained in literature, as is chemical analysis of 
surfaces from a few to several hundred Angstroms. However, noticeably lacking (aside 
from specific contrived laboratory experiments involving adsorbed gases) is reliable in- 
formation showing detailed surface analysis with a depth resolution down to the level of 
actual molecular bond levels. Early attempts to achieve such "ultrahigh" depth resolu- 
tion by sector-type ISS were highly successful but generally slow and tedious and limited 
to laboratory Apert amenes involving single crystals or meticulously prepared surface- 
adsorbed layers.*-* The recent development of a highly sensitive cylindrical mirror an- 
alyzer CMA-ISS device by McKinney and Rusch permits routine analysis of surfaces with 
depth resolution approaching molecular bond distances of 1-2 A, as discussed below. The 
factors that affect the analysis of a specimen surface are as follows. 


(1) the physical nature of the surfaces 

(2) the chemical composition and stability of the surface component; 

(3) the surface sensitivity or depth resolution of the analytical technique; 

(4) the elemental detection sensitivity of the analytical procedure; 

(5) the effect of the analytical technique on the specimen; 

(6) the anomalous effect of one matrix component on the measured signal of another 
component (matrix effect); 

(7) the electrical conductivity of the surface; 

(8) the degree to which the components are homogeneously distributed laterally and in 


(9) the precision of the analytical technique during sputtering and over long 
periods of time; and 
(10) the chemical reactivity of the surface to vacuum contaminants. 


Expertmental 


Instrumentatton. The principle and theories regarding ISS are well described in sev- 
eral extensive works3,*,® ~!2 and more recently for high performance CMA-ISS.!2 The data 
shown throughout this work were obtained by means of a commercially available Model 525BX 
combined ISS/SIMS spectrometer. An ion beam of inert gas 39He*, “Het, or 2°Ne* is formed 
in an ion gun mounted coaxially within a cylindrical mirror analyzer (CMA) and focuses a 
low-energy (50-5000eV) monoenergetic beam of ions onto the specimen surface. The energy 
and intensity of ions scattered from the specimen are recorded. Each element yields a 
unique scattering energy dependent on its mass. Hence the recorded spectrum identifies 
only the concentration and mass of the outermost atomic layers. 

An automatic device for data acquisition/magnetic data storage was used to obtain all 
the spectra for these studies. The sensitivity of the CMA-ISS system was in excess of 
10 000 cps/nA (for Ag); hence the entire spectrum could be scanned in less than 1 sec. The 
principle of signal averaging several full lsec scans was used routinely to obtain improve: 
S/N ratio and quantitative results. The spectral derivatives were used when necessary to 
confirm identifications of trace peaks or unresolved peaks appearing as shoulders on large: 
peaks. 

The instrument used in these studies also yields SIMS measurements (simultaneously or 
subsequently). The SIMS technique is highly sensitive to outer monolayers, but in general 
does not uniquely reflect the outer monolayer. Although reliable quantitative results hav: 
been obtained from SIMS, !3-20 the spectrum is difficult to interpret for reliable quanti- 
tative values for certain elements of major interest, such as C, N, 0, F, etc. In additiol 
the sensitivity of SIMS to high-mass elements (especially noble metals) is sufficiently lo 
so as to preclude its use for ultrahigh depth resolution. Thus, SIMS was utilized primari 
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to supplement the ISS results. The SIMS technique is a powerful surface analytical tech- 
nique applicable to numerous other studies and has been well explained previously .21-? 


Statte Surface Analysts 


There are three major considerations one must address when attempting detailed investi- 
gations of the outer monoatomic layer of a specimen: 


(1). the depth from which the signal originated within the specimen surface and the 
precision and anomalies associated with that signal and matrix; 

(2) the rate, extent, and predictability of surface damage as a result of the probe 
beam energy imparted to the specimen; and 

(3) the sputtering rate of the surface affected by the incoming beam. 


The mean free path of electrons has been reported by Tracy? and similar experimental 
results have been obtained.*? With the exception of a few transition elements these mean 
free paths, commonly associated with Auger escape depths, are 10-20 A or greater. Whereas 
these data can be assumed to represent the true average escape depth of electrons during 
surface analysis, the energy distribution and thus depth of alZ detected Auger electrons 
must not be ignored in quantitative calculations. With escape depths of several mono- 
layers one may in principle extract useful information relating to certain specific outer 
monolayers of a specimen, if some simple calculations are made. However, in most cases 
it is routinely possible to obtain detailed information regarding the outer monolayer by 
ISS, since only that layer of atoms causes the binary scattering spectral peaks. 

The precision and accuracy of results obtained from surface measurements of the outer 
few monolayers is very critical to proper inference of the surface composition and struc- 
ture. Much of the previous quantitative surface information reported in literature was ob- 
tained by Auger spectroscopy. Factors that affect such results (as reported by Wiild°° are 
the ionization cross section, Auger transition probability, backscattering factor, and es- 
cape depth. It is usually difficult to include such factors in every analysis, and mea- 
sured sensitivity tables often lead to reliable results.?! Unfortunately surface rough- 
ness*°2 can significantly affect Auger quantitative results, as can the composition of the 
surface matrix.3? This last work, by Solomon and Meyers , 33 best summarizes the anomalies 
associated with Auger quantitative analysis. 

The need for additional quantitative analysis of these critical outer surface atomic 
layers is obvious. ISS signal intensities depend almost entirely on the surface density 
of atoms, so that in principle accurate quantitative results can be obtained for all de- 
tected elements. Resonance Charge Exchange (RCE) phenomena indicate that subtle matrix 
effects exist in a few specific elements, but they are almost insignificant for spectral 
data obtained at constant primary-beam energy. Tables of relative sensitivities of pure 
standards reported recently by Erickson and McKinney can be readily used to obtain quanti- 
tative results for most ISS studies. 3" 

Perhaps as important as the surface depth resolution is the extent of surface damage 
caused by the primary analyzing beam. The damaging effects of electron-beam probes are 
well known and often quite extensive.?° The four basic types of damage are electron- 
impact desorption of physisorbed species; electron-stimulated redeposition of residual 
gas molecules at the target area; electron induced-ion migration; and, most important, 
electron-induced dissociation or decomposition of the surface.3® The high energy of an 
analyzing electron beam is sufficient to cause drastic degradation of polymer and organic 
materials and can also cause chemical reduction of metal oxides?’~® such as Ti09, SiO», 
etc., to the reduced oxides or even metallic elements. Braun et al.3> and Mathieu et al.*! 
report extensively on detailed experiments regarding both electron-beam and ion-beam ef- 
fects on surfaces. 

The latter work as well as other studies address only ion-beam effects of heavy +Oayt 
ion beams, sometimes at energies in excess of 3 keV. The work reported here shows that 
low-energy, low-mass ion beams such as °He* at less than 3 keV do not induce significant 
surface anomalies. Use of such beams not only reduces undesirable damage but also dras- 
tically reduces the sputtering rate of material from the specimen surface. 

Figure 2 illustrates schematically the major factors that affect the rate at which a 
surface may be sputter removed or etched. Much work reported in literature was obtained 
with ion beams of high mass (*°Art), high energy (2-5 keV), frequently high ton current 
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| FIG. 2.--Instrumental factors that affect 
gona BP | rate at which surface sputtering may occur. 
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sensitivities of some 
techniques such as "static' SIMS have necessitated long exposure times, as much as 20 min. 
The ISS technique (Fig. 2) does not create a system in which the ultimate detection sensi- 
tivity is directly related to the rate of sample destruction (i.e., sputtering), as in 
SIMS. Figure 3 illustrates ISS spectra obtained from Au at decreasing primary ion ener- 
gies. Even at 160 eV almost 8000 cps are obtained at a beam current of about 50 nA. 
Figure 4 illustrates ISS spectra obtained from Au with *He*t at 400 eV and at decreasing 
ion currents. The ISS spectrum at the right was obtained at about 0.1 nA of primary- 

beam current in 64 sec on an area of about 4 mm*. The estimated sputtering rate under 
these conditions is less than 0.005 Ay/min, or 20 hr for a monolayer of atoms! 


Data Acquisttton Speed 


The normal sensitivity realized by CMA-ISS for most metals is over 10 000 cps/nA of 
ion beam current at 2000 eV. Data acquisition time is directly related to device sensi- 
tivity. Under the above conditions imposed by "static" ISS the signal is sufficient so 
that a usable spectrum can be acquired in less than 1 min. In these laboratories, a high- 
ly sensitive SIMS device is incorporated into the same instrument. Yet the SIMS process 
is relatively quite inefficient, for the following reasons. 


1. The sputtering process (yield) is quite low at these conditions (3Het, 400 eV). 

2. Less than 1% of the sputtered material is ionized. 

3. Cluster ions are orders of magnitude lower in intensity than elemental ions. 

4. Electronegative ions such as C, N, 0, and F are very low in intensity. 

5. High-mass ions are ejected with a very low energy, which drastically reduces their 
intensity. 

6. Secondary ions may be ejected from below the outer monolayer of atoms. 


A "static" mode of operation for ISS is highly favorable for several reasons. 

1. Static ISS provides a spectral fingerprint with nearly uniform elemental sensi- 
tivities. 

2. Static ISS can utilize more ideal "static'' ion bombardment conditions (low mass, 
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STEEL FRACTURE CAUSED BY MIGRATION OF Sb IMPURITY 
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FIG. 5.--ISS spectra showing orientation of FIG. 6.--ISS depth profile showing fracture 
PbBr and its segregation in AgBr containing of steel containing 600 ppm Sb; Sb segre- 
100 ppm bulk Pb. gates as nearly pure monolayer. 
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FIG. 7.--ESCA and SIMS analysis of contami- 


FIG. 8.--ISS spectra obtained from contami- 
nated Si wafer. Inset shows schematic re- nated Si wafer showing outer 100 A. 
presentation of relative signal escape depth. 
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—_| FIG. 10.--ISS spectra obtained from contami- 
FIG. 9.--ISS spectra obtained from contami- nated Si wafer showing outer 7 A. These 


nated Si wafer showing outer 35 A. types of ISS date are used to provide Ultra 
High Depth Resolution for detailed profiles. 
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energy, and current density.) 
3. Static ISS is considerably faster. 
4. ISS detects essentially only the outer monolayer of atoms. 
9. ISS can detect certain low-mass isotopes for labeling experiments. 


Appltcattons-: 


The extreme surface sensitivity of ISS has been utilized for the following studies. 


(1) surface orientation of adsorbed molecules and crystal lattices; 

(2) shadowing effects of atoms due to adsorption, steric hindrance, or crystal struc- 
ture; 

(3) stoichiometric changes in outer surface layers (0-10 A): 

(4) extreme surface segregation; 

(5) monolayer or partial monolayer organic contaminants on clean surfaces; and 

(6) detailed chemistry in the outer 10 A of prepared surfaces by Ultra High Depth 
Resolution (UHDR). 


Many of these examples are already reported in literature and will not be reviewed 
here, Perhaps the most dramatic illustration is the work done by Heiland,*? in which ISS 
was used not only to determine the geometric orientation of CO adsorbed on W but also 
whether its position was over W surface atoms or over interstices in the outer lattice. 
Extreme surface segregation of monolayers has been reported previous ly!2 (Figs. 5 and 
6). 


Figure 7 illustrates SIMS and ESCA information from a contaminated Si wafer. The 
deeper escape depth of ESCA resulted in a dilutton effect that led to the quantitative 
results that the "surface'’ contained 3% Cr. SIMS analysis indicated a very thin surface 
layer of 100% Cr, probably as an oxide. The raw data from detailed analysis by ISS with 
UHDR are shown in Fig. 8, 9, and 10. Throughout an estimated sputtered depth of 7 A, 20 
spectra were obtained. 

These spectra illustrate the extreme surface sensitivity of ISS. The first few spec- 
tra are actually direct observation of a surface monolayer of water being sputtered from 
the surface. The first spectra indicate no significant elements present, since ISS can- 
not directly detect hydrogen. In this area of the surface the H atoms are oriented away 
from the surface and thus prevent detection of the underlying O or other elements until 
they are sputter removed. The large, broad peak at the beginning of these spectra can be 
correlated by SIMS data with H. If that is the case, approximate atom concentrations can 
be calculated from ISS spectral intensities and relative sensitivities. Figure 11 indi- 
cates the approximate elemental concentrations of the outer 35 A of this surface. Assum- 


ISS Depth Profile | 
Cr on Si 


FIG. 11,.--Ultra High Depth Resolution depth FIG. 12.--Reconstructed surface of Cr-contami- 
profile obtained by ISS. Approximately 30 nated Si. Actual ISS spectral data were used 
to 40 data points were obtained in this 20K to calculate concentrations at 2A intervals. 
surface depth. 
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ing each monoatomic layer is about 2 A and ignoring all statistical and physical anomalies 
of sputtering one can "reconstruct" the elemental structure of a surface as shown in Fig. 

12. Each row of atoms represents one atomic layer. When it is done with color codes and 

appropriate atomic sizes for each element a three-dimensional reconstructed surface can 

be obtained as a quick, easy-to-visualize representation of the specimen. 


Conelustons 


The need for very detatled chemical analysis of the outer 50 A of surfaces has been 
discussed and several representative applications have been presented. New and detailed 
information not readily obtained by other techniques were obtained with static ISS and 
Ultra High Depth Resolution (UHDR). 
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SECONDARY-ION MASS SPECTROMETRY USING SELECTED PRIMARY IONS AND VARIATION OF THE PARTIAL 
PRESSURE OF SELECTED GASES IN THE SPECIMEN REGION 


Felix Guo and D. B. Wittry 


In secondary-ion mass spectroscopy (SIMS) it is known that the relative intensities of 
the various secondary-ion species depend on the partial pressure of oxygen above the sur- 
face of the specimen. This dependence can be considered to result from a variation of the 
work function of the surface due to the balance between oxygen adsorption and sputtering 
of the surface layers. Recently Morrison and his co-workers~ proposed a method for improv- 
ing quantitative SIMS analysis by varying the partial pressure of oxygen above the speci- 
men, so that the intensity ratios of various ion species from the specimen would be the 
same from the specimen and a standard. From this work, it is apparent that control of the 
partial pressure of oxygen in the specimen region is essential for obtaining quantitative 
results with SIMS in empirical procedures. 

Bombardment of the specimen with oxygen ions results in higher yields of positive sec- 
ondary ions and also a reduction in the effect of the partial pressure of ambient oxygen 
on the intensities of various ion species. This effect can be understood quantitatively 
if we consider that the increase in the work function of the surface reduces the probabil- 
ity of neutralization of positive ions escaping from the surface. 

Fujino and Shiraiwa* have reported investigations in which the primary ion beam was 
changed from O!§ to N!4 during bombardment. Interpretation of these experiments is diffi- 
cult because the work function of the surface changes as the primary ion beam changes. In 
the present work, we use a primary ion beam selected from three possibilities (O!®, 018, 
and Kr®*) obtained by using a mixture of gases in the plasmatron. Since the natural abun- 
dance of 0!8 is 0.20% we can differentiate between oxygen in the specimen and oxygen im- 
planted in the specimen by the use of 018 for bombardment. In these experiments, we need 
to eliminate the possibility of an O16 signal from the ambient by blowing 01/8 on the speci- 
men. 

Another advantage of the use of 0!8 as a primary beam is in identifying oxide peaks 
when these peaks overlap elemental peaks. By a comparison of the spectra obtained with 018 
and O*° primary ions it can be readily determined which peaks represent oxide species. It 
may also be possible to use the implantation of oxygen ions in the specimen as an internal 
standard. For example, if the specimen is bombarded with 0!8 ions, the depth distribution 
of these ions can be studied with an 016 primary beam. However, we must insure that the 
mass 18 peak is not due to Ho0, which may require blowing of 016 on the specimen to reduce 
the adsorbed H,0 on the specimen's surface, 

Krypton is used as one of the gases in the plasmatron in order to make primary ions of 
an inert gas available for implantation experiments and experiments in which the effects of 
adsorbed oxygen and directly implanted oxygen are compared. Krypton was chosen because its 
ionization potential is less than that of neon and argon, and it is less expensive than 
xenon. 

Figure 1 shows a schematic of the gas system for filling the duoplasmatron and also for 
blowing 0!© or O!8 on the specimen. The residual gas analyzer (RGA) we have used is a cy- 
cloidal type of high efficiency.? The gauge G reads from +30 to -30 psig. In practice the 
reservoir is filled with equal parts of 0!®, OF: and Kr to a total pressure of +15 psig 
and the plasmatron can be operated until the pressure is reduced to about -27 psig. Ap- 
proximately 100 hr of operation can be obtained from each filling of the 75ml reservoir. 


The authors are with the Materials Science and Electrical Engineering Departments at 
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Experimental results on the applications of 018% to the topics described have been 
obtained. 
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THE INFLUENCE OF INSTRUMENTAL SENSITIVITY VARIATIONS ON QUANTITATIVE ANALYSIS BY 
SECONDARY TON MASS SPECTROMETRY 


Dale E. Newbury 


Several quantitative analysis procedures for secondary ion mass spectrometry (SIMS) 
have been developed which are based on physical models of secondary ion emission.!—3 
These models attempt to calculate the strong chemical matrix effects that influence the 
secondary ion signals. In addition to these compositional factors, instrumental factors 
can also affect the measured secondary ion intensities, such as the spectrometer energy 
bandpass and the response of the ion detector as a function of mass. Moreover, these fac- 
tors can vary from instrument to instrument and cause both the absolute sensitivity for a 
given element and the relative sensitivity for one element compared to another to differ. 
Generally, the physical models for quantitative analysis either assume that these varia- 
tions in relative sensitivity are insignificant or that, even if sensitivity variations 
occur, they are automatically compensatéd in the model through the use of internal stan- 
dards or elemental ratioing for normalization. 

The recently reported results of the U.S.-Japan Cooperative SIMS Analysis of Metals 
and Glasses have revealed that strong variations in relative elemental sensitivity do in- 
deed occur among the various SIMS instruments.* The relative sensitivity factor SX/M is 
defined as: 


Sy py = Gy /Cy fy) / Gy/Cygfy) 


where i is the measured secondary ion intensity, C is the atomic concentration, f is the 
isotopic abundance, and X and M represent any two elements. Values of Sy) were calcu- 
lated from secondary-ion spectra measured on two multi-element glasses by Menty-two lab- 
oratories representing a broad range of SIMS instrumentation.? The ratio of the maximum 
to the minimum value of the relative sensitivity factors for each element compared to sil- 
icon is shown in Table 1. This ratio ranges from 4.5 for Al to 57 for Pb, a substantial 
variation. 


TABLE 1.--Range of relative sensitivity factors reported in U.S.-Japan study. 


NBS Glass K-251 NBS Glass K-309 
0/Si 44 0/Si 22 
Al/Si 5.5. Al/Si 4.5 
Ba/Si 8.2 Ba/Si 9.6 
Ta/Si 10.1 Ca/Si Caz 
Pb/Si 57 Fe/S1 8.4 
Bi/Si 55 


To test the influence of this observed variation in relative sensitivity on quantita- 
tive analysis with a physical model, the secondary ion spectra were analyzed with a local 
thermal equilibrium (LTE) model.©;,7 Although the details of the LTE model are the subject 
of considerable debate, the use of a Saha-type equation describing the secondary ion pro- 
cess seems to be one of the most effective procedures at the present time.”? For the 
present analyses, the known compositional values for two major elements were employed as 
the required internal standards; no oxide correction was made. Finally, the total of all 
elements excluding oxygen was normalized to the known sum for those elements (approximately 
40 atomic percent). The results are given in Table 2 in terms of an error factor 


The author is with the Microanalysis Group, Center for Analytical Chemistry, National 
Bureau of Standards, Washington, DC 20234. 
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F = C(true)/C(LTE) 


where C is the atomic concentration. Comparing Tables 1 and 2, we note that the magnitude 
of the error factors follows the variation in relative sensitivity» with the largest errors 
observed for the elements with the largest range in relative sensitivity in most cases. 


TABLE 2.--Range of error factors observed by LTE analysis. 


NBS Glass K-251 NBS Glass K-309 

(Si, Ba internal standards) (Si, Ca internal standards) 
Al 0.27-0.82 Al 0.63-1.7 

Ta 2.0-34.3 Fe 0.69-2.95 

Pb 1,0-21.9 Ba 0.64-2.02 

Bi 1.3-20.8 


As to individual analyses, in instruments with a low relative sensitivity factor, the 
LTE analysis tended to underestimate the concentration, as shown in Table 3 for glass K-25] 
A good correlation is found between the sensitivity factor and the accuracy of the LTE 
analysis: the lower the sensitivity factor, the larger the LTE error factor; i.e., the 
LTE model underestimates the concentration. 


TABLE 3,--Comparison of relative sensitivity factors and LTE error factors in NBS 
Glass K-251. 


SP) 


Laboratory 


Pb/Si Pb 
1 0.261 Sig 
2 0.095 z1.9 
3 4.75 ee 
4 0.226 8.0 
5 0.305 5.3 
6 2.43 Ls2 
ti 0125 10,2 
8 0.294 4.9 
9 tee ao, 1.8 
10 0.256 5.4 
il ee LOT 
LZ 1.67 1.7 
13 1.06 2.4 
14 3.08 1.1 
15 0.67 2.8 
16 0.36 3.8 
17 0.083 19.9 
18 2.46 1.4 
19 0.0862 204 
20 0.65 3.0 
21 O.2e 6.4 
22 0.86 aid 


The implications of these results for the development of methods of quantitative SIMS 
analysis are quite profound. The influence of instrumental factors on quantitative analy- 
sis is at present as important as the matrix factors. Clearly, instrumental factors can- 
not be ignored, and at least in LTE analysis, the existing model does. not compensate for 
the effects. In principle, it should be possible to describe the instrumental factors 
rigorously and to calculate them accurately as part of the analysis--a procedure that 
would require a detailed study of each SIMS instrument. An alternative approach that 
avoids a detailed description of the instrumental effects could be constructed from a 
combination of the relative-sensitivity-factor method and a physical method.1° A set of 
relative sensitivity factors Sx/y would be measured on each SIMS instrument operating un- 
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der a fixed set of conditions from a suite of standards, such as glasses. To apply these 
sensitivity factors to different matrices, one would then calculate series of matrix cor- 
rection factors M; by an appropriate physical model to yield a modified suite of sensi- 
tivity factors suitable for the new matrix: 


; i= i ea 
Sym! = Sx pyfMaMe ie 


The value of such an approach is that the original measurement of the sensitivity factor 
automatically incorporates the instrumental effects, and the matrix correction factors 
provide the analytical flexibility needed to analyze a broad range of unknowns. Develop- 
ment of the matrix correction factors will be described in a subsequent paper. 
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ION PROBE ANALYSIS OF NATURAL OLIVINE; SECONDARY-ION INTENSITY VARIATION AND SYSTEMATICS 
FOR A SIMPLE, BINARY SILICATE 


Ian Steele and Ian Hutcheon 


A major objective of ion-probe analysis is an accurate determination of both major 
and trace elemental abundances. Several procedures have been described to relate mea- 
sured secondary-ion (SI) intensities to sample composition. In general these approaches 
are unsatisfactory for a number of reasons, including: (1) specific to a certain instrum- 
ent; (2) applicable only for certain samples; (3) valid only for some elements. Although 
it is unlikely that a single correction scheme can successfully be used for widely differ- 
ing samples, efforts should continue to investigate possible correction schemes that can | 
be applied to a limited range of samples. Of particular interest in the materials and 
geological sciences is the analysis of oxides and silicates. For these samples the effect 
of oxygen partial pressure in the source region on the parameters in a correction proce- 
dure is minimized both because of the inherent oxygen in the sample and the common use of 
oxygen primary beams for analyzing insulators. 

The simplest procedure for correcting intensities is to construct a table of relative 
sensitivity vs element for pure oxides. Readily apparent in such tables are the relation- 
ships of SI yield and position in the periodic table to the very large range in sensitiv- 
ity for different elements. Such tables are useful order-of-magnitude references but ig- 
nore matrix effects and are seldom accurate to better than a factor of 10 for correcting 
SI intensities to elemental concentrations. This approach can be refined by the choice of 
reference samples close in composition to the unknown, a procedure commonly used in elec-— 
tron-probe analysis to reduce matrix corrections. We present data illustrating systematic 
variations of SI yield with sample composition in the binary olivine system MgoSi0,-Fe 9510: 
and discuss the use and limitations of this approach for relating SI intensity ratios to 
elemental composition. 

All data were obtained with an AEI IM-20 ion probe attached to an AEI 702 mass spectro- 
meter. The primary beam was mass analyzed !®0- at 20 keV and the source pressure was < 
3x 1078 torr. SI intensities were determined by pulse counting with an electron multi- 
plier. Samples consisted of seven analyzed, homogeneous, natural olivine samples spanning 
the binary series from MgoSi0, to Fe,Si0,. Total minor elements account for less than 0.5 
wt.%, The samples were mounted in epoxy, polished, and carbon coated. This procedure as- 
sures that tuning of the SI extraction system is invariant to sample position over an area 
of about 1 cm*. SI extraction optics were adjusted for maximum transmission for 28Si, 
Intensity data for all samples were obtained over a two hour period. 

Figure 1 gives sample compositions and SI count rates (arbitrary units) for the major 
elements. Important features are: (1) smooth curves can represent the SI intensity 
changes with composition; (2) the Si* intensity shows a distinct minimum although Si is 
a constant atom fraction in all samples; (3) Fet SI intensity is near-linear; (4) Mgt SI 
intensity shows a distinct maximum and then a decrease in intensity with increase in the 
Mg content of the sample; (5) the Mgt and Sit intensities anticorrelate at high Mg con- 
tent, which suggests a strong interaction between Mg and Si in the sputtering-ionization 
process and not between Fe and Mg as claimed in a similar study. 

Any correction procedure that normalizes SI intensities to a fixed element (e.g., Si 
in this system) is immediately constrained by the nonlinear dependence of Sit intensity 
on bulk composition (Fig. 1). Such normalization is apparently valid only for samples 
with nearly equal composition. In the olivine system the Mgt/Si* ratio is double-vaiued 
(Fig. 2) and cannot be used to obtain the major element composition. The Fet/Sit ratio 
is monotonic (Fig. 2) but the nonlinear change of Fe*/Si* with composition limits accuracy 
unless the shape of the curve is known independently. These problems can be avoiced by a 
plot of Mgt/ (Mgt + Fe+) vs the known Mg/(Mg + Fe) in the sample (Fig. 3, curve A). The 
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FIG. 1.--Count rate for main isotopes of Si, Mg, and Fe vs sample composition in MgoSiO,- 
FeoSi0, binary system. Curves are approximate fit to points. 
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resulting curve. appears, symmetric and can be described as; 


IAC. - B)]/IQ - AB] = K (1) 


where A = Mg*/ (Mgt + Fe*) in SI yield, B = Mg/(Mg + Fe) in target, and K = constant 
(= 0.3 in Fig. 3), dependent on isotopes measured and probably on experimental conditions. 

This simple equation relates the observed SI intensity ratio Mg*/(Mgt + Fet) to the 
Mg/(Mg + Fe) ratio in the sample. With this procedure unknown major element compositions 
can be determined irrespective of the composition of the standard for this binary system. 
Unfortunately, this simple relationship does not hold for Mg/(Mg + Si) vs Mgt/(Mg* + Sit) 
shown in Fig. 3, curve B, and is apparently not generally applicable to any two elements 
but only between elements equally affected by changes in bulk composition. 

The apparent simple relationship between the measured Mg*/Fe* ratio and the Mg/Fe in 
the sample over the entire binary system is somewhat surprising and suggests that the proc- 
esses involved in generating the Mg* and Fe* ions during sputtering, at least in this case, 
are independent of the physical state of the sample such as preparation, crystal orienta- 
tion, and composition. The relationship (Eq. 1) is the same as that which describes the 
distribution of components between two phases which are ideal with respect to these com- 
ponents, such as some coexisting liquid-vapor or solid-solid systems. That in turn sug- 
gests the possibility that the sputtering process can be treated in terms of classical 
equilibrium thermodynamics but without considering exchange equilibria in a plasma,? al- 
though the latter may also occur. 
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ADAPTION OF THE DEITZ DETECTOR TO AN ARL ION MICROPROBE MASS ANALYZER 
D. B. Wittry and Felix Guo 


The Daly type of detector? in our prototype Ion Microprobe Mass Analyzer had a number 
of disadvantages. The scintillator was not insulated from ground, the light pipe was an 
early model with poor efficiency, and the background was high. In order to improve the 
signal-to-background ratio and to provide for efficient detection of negative ions, we 
have modified our detector based on the type of detector described by Dietz.* In this de- 
tector several stages of electron multiplication are incorporated before the scintillator. 
Our detector (Fig. 1) utilizes four stages instead of the six stages in the detector de- 
scribed by Dietz. This modification was necessary to make it possible to utilize the ex- 
isting housing and a commercially available dual high-voltage feedthrough. 

The box and grid dynodes are constructed of Al and have the normal Alo03 layer, which 
provides a high secondary-electron yield. The dynodes are mounted to each other with 
stainless-steel screw clamps and 1/l6in. dia. alumina rod.? Several hundred volts per 
Stage are used in order to provide the necessary overall gain so that the signal pulses 
have an amplitude greater than the pulses due to thermionic emission from the photocathode 
of the photomultiplier tube. 

The voltage per stage in the electron multiplier is determined by an external divider 
with additional 3.3MQ2 hermetically sealed resistors mounted directly on the dynodes. The 
arrangement for operating the detector in both the positive and negative secondary ion 
modes is shown in Fig. 2. The total divider resistance is 240 MQ, including a string of 
10 resistors of 2 M2 forselecting the electron multiplier voltage. 

A standard quartz light pipe with a convex end that is coated with scintillator and 
aluminized was used along with a new detector housing cover plate. The feedthrough for 
the electron multiplier and for the high voltage to the scintillator utilize existing ports 
in the detector housing. 

Additional construction details and results of performance tests are available. 


References 


1. N. R. Daly, "Scintillation type mass spectrometer ion detector," Rev. Set. Instr. 
31: 264, 1960. 

2. 4L. A. Dietz, "Electron multiplier-scintillation detector for pulse counting posi- 
tive or negative ions," Rev. Set. Instr. 49: 1250, 1978. . 

3. Available from Kimball Physics, Inc., Wilton, NH 03086. 


The authors are with the Materials Science and Electrical Engineering Departments of 
the University of Southern California, Los Angeles, CA 90007. The support of this work by 
NSF Grant CHE-77-10133 and AFOSR Grant 77-3419 is gratefully acknowledged. The U.S. Gov- 
ernment is authorized to reproduce and distribute reprints for governmental purposes not- 
withstanding any copyright notation hereon. 


341 


PHOTON MULTIPLIER 
TUBE 


SHIELD 


QUARTZ 
LIGHT PIPE 


BOX & GRID 
OYNODES 


Cc) SLIT ASSEMBLY 


FIG. 1.--Modified Dietz detector. 


NEW + MODE 


0-36 KV 
VA 2 LA peo 


04 


NEW ~- MODE 


Vs 2 


FIG. 2.--Voltage divider and connections used for positive and negative modes; D1 and D4 
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USE OF THE IMS 3F HIGH MASS RESOLVING POWER 
J-M. Gourgout, M. Lepareur, and C. Conty 


The IMS 3F was introduced two years ago in August 1977 at the 8th International Con- 
ference on X-Ray Optics and Analysis in Boston. The first instrument was delivered in 
March 1978 and the indications are that the IMS 3F is already very successful on a world- 
wide basis. This success is due without any doubt to the real needs in research labora- 
tories for a true ion microanalyzer that will perform quantitative as well as qualitative 
analysis. 

In the past, a few authors have insisted that for small-surface analysis the size of 
the primary beam should be reduced as much as possible without taking the numbers of sec- 
ondary ions collected sufficiently into account. This approach has inhibited their attain- 
ment of the best conditions for secondary ion emission. 

Ion microanalysis is the ability to analyze ion species characteristic of the chemical 
composition of a solid sample tn sttu on small surface areas of the specimen. The princi- 
ple is that atoms sputtered from the top atomic layers of the specimen surface are ionized 
after a collision cascade due to energy transfers induced by the penetration of primary 
ions. This complex process is not yet perfectly mastered, but it is reproducible in the 
majority of cases. 

Previously, two big limitations preventing the full development of these techniques 
were, first, the analysis of small volumes with high detection sensitivity; and second, 
the impossibility of separating the atomic ions from the polyatomic ions because of the 
poor resolving power of existing instruments. The IMS 3F has been developed to solve 
these two problems by a unique design of transfer optics to combine the traditional high- 
mass resolution mass spectrometer and ion microscope. 

Illustrations of the above are given by the results of analysis on mineralogy and semi- 
conductor samples. An example is in Fig. 1, which shows the separation of 56Fe* and 
°6 (Cad)}*. They fully demonstrate the original features of the IMS 3F, whose particular 
significance is the ability to make secondary-ion images with high mass resolving power. 
These examples show the importance of the complete knowledge of the contribution of molecu- 
lar ions with the atomic ions. This is the only way to perform quantitative analysis, es- 
pecially in mineral samples that can have generally very complex phases. 

Isotopic ratio measurements have been obtained, including spectra of flat topped peaks 
up to a mass resolving power of several thousand. 
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FIG. 1.--Separation of doublet S6Re and 56(Ca0)~ in image mode. Analyzed area was 70 um 
in diameter. At mass 56, without high mass resolution, we get molecular ion 56Fe + 56CaC 
Only way to know where (for example) iron and calcium are located is to increase mass re- 
solving power to few thousand and to eliminate either Fe ion or CaO ion. 
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ELEMENT DISTRIBUTIONS IN GEOLOGICAL MATERIALS BY IMAGE PROCESSING OF SCANNING ION 
MICROPROBE DATA 


J. H. Schilling 


Measuring gradients of element concentrations can further the understanding of the 
processes involved in the formation of rocks and minerals. Since abrupt changes in con- 
centration occur (at grain boundaries) for such measurements, a resolution of at least a 
few microns is required. On the other hand, diffusion profiles might extend over a few 
hundred microns. Imaging element distributions appears to be a good approach to this 
problem since this technique allows the investigation of larger areas with a high resolu- 
tion. Furthermore, imaging an area rather than single points minimizes the problem of 
unintentionally making measurements at peculiar positions on the sample, since such pe- 
culiarities are readily identified in an image. 

An ARL ion microprobe mass analyzer! has been used to obtain scanning images of a geo- 
logical test sample, an apatite inclusion in a magnetite matrix (Fig. 1). This sample was 
chosen for its apparent homogeneity in the two different matrices. An incident ion beam 
of 16.5 keV !®Q- ions was used on the polished and gold-coated sample. Conventionally 
taken images from the area indicated in Fig. 1 are presented in Fig. 2 and give an im- 
pression of the spatial resolution that can be obtained in such images. 

But specific problems are related to this technique. Matrix and topographical effects 
on the element sensitivity make a quantitative interpretation of such images difficult.? 
Furthermore, sputtered ions from isotopes of different elements, from molecular ions, and 
from multiply charged ions can interfere and contribute to the same image. Therefore a 
second set of images of sputtered-ion intensities was collected in a multichannel scaler 
synchronously with the rastering of the incident ion beam. An area of 3 x 3 divisions 
(Fig. 2) in the top left part of the lower right quadrant was covered by a total of 3640 
points on a raster of 70 lines of 52 points each. 

Because of the quantitized presentation of the images, image-processing techniques can 
be employed to convert these sputtered-ion intensities into element concentrations. The 
digitized collection of these images was preferred to the quantization of the conventional 
photographic images since it avoids the difficulties involved in calibrating the photo- 
graphic recording. It also allows the use of the full dynamic range of this analytical 
technique (i.e., 5 to 6 orders of magnitude). The image processing involves at first the 
reconstruction and display of the measured distributions of sputtered ion intensities. 
Figure 3 gives gray-scale images that contain the same information as in Fig. 2. A 
logarithimic scale was used for these soe tee to enhance structures occurring at low ion 
intensities. A three-dimensional display’ is given in Fig. 4 to give a better impression 
of the spatial resolution achieved. Line printer images (as in Fig. 5) are suitable for 
faster display. 

As can be seen, the apatite grain does not show a homogeneous distribution of the 
sputtered *Ocat ions, as would have been expected. Rather, it displays a region of high 
intensities (top right) and lower ones (bottom left). The application of a first-order 
quantifying procedure' that uses constant sensitivity factors all across the sample re- 
sulted in a calcium distribution much more homogeneous in the apatite grain (Fig. 6). To 
improve this procedure it is necessary to identify areas of different composition in the 
images. Different sensitivity factors may then be applied to these regions. Owing to the 
large number of points representing an image it appears impractical to use a supervised 
algorithm for the detection of areas of equal composition. Rather, image processing can 
be used. Figure 7 shows a logarithmically scaled histogram of the °*Fe* image. Three 
regions can be identified: points with low, high, and medium intensities. These regions 
can form the basis for a classifying algorithm. The development of such algorithms is in 
progress and will be presented. 

As can be seen from these preliminary studies, imaging of element distributions of 
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FIG. 1.--Optical micrograph. of 
apatite grain in magnetite 
matrix showing area where 
scanning ion images were taken. 
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PIG. 2.--Conventionally taken 
images of sputtered ion in- 
tensities from the area visible 
in Fig. 1 (white for high 


intensity). 
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geological material is feasible in a scanning ion microprobe, Image processing should 
be used to aid the conversion of sputtered ion intensities to element concentrations. 
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QUANTITATIVE ION MICROPROBE ANALYSIS OF CHLORINE IN SELENIUM 
R. W. LaForce and J. M. Short 


Techniques have been developed that permit the quantitative analysis of Chlorine in 
amorphous selenium films by ion microprobe mass analysis. Selenium is the major element 
in alloys used in xerographic copying machines. The addition of dopants such as chlorine 
to selenium is an important means of improving xerographic properties. These properties 
depend both on the concentration and distribution of the dopant in the thin film used as 
the photoreceptor. Whereas the electron microprobe can obtain such information above the 
0.1% level, trace elements such as chlorine must be analyzed by more sensitive techniques. 
The ion microprobe was selected as the best and probably the only current technique capa- 
ble of distributional analysis of a few parts per million of chlorine in a 60 um-thick 
selenium film by means of step profiling of a cross section. Details of the refined pro- 
cedures for sample preparation and instrument operation evolved and tested on Se-based 
photoreceptors are given below. 


Sample Preparation 


The paramount objective in sample preparation for Cl analysis is the ability to ana- 
lyze a specimen that has not been contaminated by foreign materials, especially Cl. To 
this end, a very rigorous preparation technique has been developed that insures cleanli- 
ness of the sample and reproducibility of the technique from sample to sample. Small Se 
chips are separated from their substrate by thermal shocking and subsequently removed 
with forceps or a vacuum pick-up device. These chips are then shaped to the proper size 
(2 x 5 mm). To prevent contamination of the sample, all handling materials and tools are 
given a thorough sonic cleaning in absolute ethyl alcohol. The person preparing the sam- 
ples must wear Cl-free gloves; the Van-Lab Poly gloves are being used currently, after 
analysis has shown that they did not contain Cl. At this point the sample, which is typ- 
ically 60 um thick, is cast in an epoxy made by Ciba-Geigy and ultramicrotomed at a 6° 
angle, so that the cross-section thickness is "magnified" by a factor of 8 to 10. The 
reasons for this beveling process are given in the last section below. 

After the sample has been microtomed, it is overcoated with a spectrographic grade of 
carbon. This material,is vacuum deposited on the surface in an indirect manner in order 
to insure a thin (<100A) continuous film. The purpose of the film is to make the surface 
conductive during analysis. To insure surface conductivity from the section across the 
epoxy base to the inner sample holder, carbon particles suspended in doubly deionized 
water (Aquadag) are painted on the epoxy. 

The sample is then inserted into a specially designed sample holder, with a spring 
steel clamp around the outside of the epoxy used as a shim to hold the sample snugly in 
place. The holder allows x, y, z translation and tilt of the sample, so that the surface 
to be analyzed (cross section) can be placed both in the same plane and at the same height 
as the top surface of the sample holder. This surface ultimately determines the height to 
which the entire structure is elevated when it is placed in the instrument. 


Instrument Operatton 


The following discussion briefly describes some of the parameters investigated in 
order to arrive at the best reproducible set of operating instructions for the quantita- 
tive determination of Cl in Se. 


Duoplasmatron. When analyzing Se-based photoreceptors, to reduce sample charging ef- 
fects and to observe the secondary-ion species of interest one must operate the duoplasma- 
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tron and the primary and secondary magnet system in the negative mode, which means that 
negative primary and secondary ions are used. Oxygen is used for producing a stable, 

high setendary-ion yield. In our system, ton production begins when the DP pressure 
reaches 280 um as a result of the oxygen gas, whereupon the arc-current power supply ini- 
tiates and maintains a steady-state current of 50 x 1073 A at 440 V. With the adjustment 
arm of the Z electrode a 1 x 10-3A current is drawn from the duoplasmatron. These charged 
particles, both !1®0- ions and electrons, are then accelerated to 20 kV by the Spellman 
high-voltage supply. 


Primary Magnet System. The initial ion beam current measured directly opposite the 
DP is always < 3.0 x 107 A, After focusing, the resultant current in the primary beam 
must be high enough to produce good secondary counting statistics, yet low enough to pre- 
vent sample degradation due to thermal effects. Normal primary operating conditions yield 
a beam 12-18 um in diameter with a sample current of 1.4-2.5 x 107% A. These conditions 
vary directly as a function of each other and the age of the anode plate in the DP. The 
beam is constantly rastered, since a static beam would cause thermal degradation in the 
sample. The average lifetime of the anode plate is 160 hr. 

The primary beam is rastered at 2.5 kHz over the sample surface; typically the frame 
rate is 10 Hz and the line rate is 250 Hz. Changes in raster rates effect secondary 
yields. The area of sputter is nominally 80 x 45 um. A 40% electronic aperture is em- 
ployed to remove possible edge effects of the smooth-bottom crater produced in the amor- 
phous selenium, i.e., the detected area is 40% of the rastered area. 


Secondary Magnet and Data Acquisttton System. A PDP 11/40 computer with 64K words of 
core memory is used to control the stepping of the secondary magnet to the desired masses, 
in this case ?5C1~ and 8°Se-. Incremental mass scanning with appropriate delay is essen- 
tial if peak overshoot is to be minimized. After each 10sec integration period, the com- 
puter reads the scalars, applies isotopic abundance corrections, and calculates count 
rates, the Cl/Se ratio, and the chlorine content by means of an experimentally determined 
calibration curve. Output of the results are recorded both on a DEC LA180 Printer and a 
Zeta Research Incremental Plotter. The latter yields on-line digital plots. 


Expertmental Results and Discusston. Quantitative calibration of the C1/Se intensity 
ratios was not based on theoretical calculations of the ion yield! but rather on the em- 
pirical method of deriving working curves from analyzed homogeneous standards. 

A linear C1/Se calibration curve is expected in the case of a dilute solute in a matrix 
such as in this alloy. Its form is similar to those found in other matrices.3-5° The cali- 
bration curve (Fig. 1) is based on a bulk analysis of chlorine by x-ray fluorescence emis- 
sion spectroscopy® and polarography. The C1 detection limit derived from the peak/back- 
ground ratio is less than 1 ppm. 

The Cl composition profile through the film is obtained from a series of shallow depth 
profiles in the beveled section taken in a direction perpendicular to the intersection of 
the sample surface to the top surface of the alloy film. The rastered areas are staggered 
so that the area detected by the electronic aperture does not quite overlap the previous 
area, The combination of the data from all analyzed areas yields a Cl profile through the 
entire thickness of the sample. Figure 2 shows a Cl-profile and its reproducibility in a 
60um-thick film produced by a single evaporation. X-ray fluorescence analysis was per- 
formed on the film surfaces to determine the mean chlorine concentration in the 5 um region 
near each surface. The reproducibility is within + 5%. A second film was prepared by in- 
itially evaporating 20 um of selenium doped with 80 ppm of chlorine, over which was evapo- 
rated 40 um of selenium doped with 20 ppm of chlorine. Figure 3 shows the step profile 
through the thickness of this particular sample. A drop in the chlorine level over a dis- 
tance of 5 um was observed at the interface between the two layers. 

Figure 4 shows the chlorine profile obtained by analyzing the ions that were sputtered 
from the top surface of a film which was prepared by evaporating two layers of chlorine- 
doped Se. The initial deposition was 60 um thick; the top layer was 0.3 um thick. As 
seen in the figure there is a very steep chlorine profile in the middle of the top layer 
and another at the beginning of the second layer. The sputtering rate and depth were de- 
termined by interferometry measurements of the craters. The depth resolution is about 
300 A on depth profiles. 
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The effective depth resolution of the step profiles is limited by the dimensions of 
the rastered and the apertured areas. Using the shallow-angle beveling technique for sam- 
ple preparation, one can obtain straight-line step profiles with an effective center-to- 
center separation of 5 ym; staggering the analysis areas parallel to the original photo- 
receptor surface improves it to 2 um. The use of large static beams and a detector aper- 
ture is not possible for selenium films because of sample deterioration owing to local 
thermal heating effects. This type of sample destruction is not desirable for obvious 
reasons. The induced charge effects may also become a serious problem if the uncoated 
area becomes too large. 


Cone Lustons 


The agreement of the ion microprobe results with x-ray fluorescence analysis at the 
surfaces supports the conclusions that no compositional changes due to chlorine mobility 
under ion bombardment are occurring and that the techniques used permit quantitative 
microanalysis of chlorine in selenium. Step composition profiles of beveled selenium 
alloy films can be made with a reproducibility at 60 ppm of +3 ppm, a sensitivity of better 
than +5 pp, an effective lateral resolution of 2-5 um, and a Cl-detection limit of about 
0.1 ppm. Preliminary work indicates that depth profiles of Cl in selenium alloy films can 
be made with a depth resolution as good as 150 A. 
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QUANTITATIVE ANALYSIS OF Se ALLOY THIN FILMS BY [ON-MICROPROBE MASS ANALYSTS AND 
TRANSMISSION ELECTROH MICROSCOPY 


R. W. LaForce and J. K, Johnson 


The xerographic transport properties of vacuum-evaporated thin films of selenium and 
selenium doped with small quantities of chlorine (0-40 ppm) and arsenic (% 0.5 at.%) have 
been well documented.! The successful operation of the doped selenium photoconductors de- 
pends heavily on how the dopants are dispersed through the bulk and at or near the surface 
of the thin film. The detailed characterization of the dopant distribution in these films 
has been a continuing problem. 

The electron microprobe (EMPA) is capable of quantitative analysis above the 0.1% lev- 
el, but it lacks the depth resolution necessary to define chemical fractionation at or 
near the thin film surface precisely. A mathematical model was suggested by Brown et al.? 
for analysis of inhomogeneous thin films by EMPA, This approach fails when severe chemi- 
cal gradients are found near the surface of the film. 

LaForce and Short have shown how Se alloy thin films can be quantitatively analyzed 
for Cl in the low-ppm range.* This paper describes two techniques that have been developec 
to quantify the arsenic distribution in the selenium photoconductor. If the analysis re- 
sults of an ARL Ion Microprobe Mass Analyzer (IMMA) and an EDAX Energy Dispersive X-Ray 
Analyzer on a Philips EM200 Transmission Electron Microscope (TEM/EDXA) are combined, the 
vertical compositional gradients of a film can be determined with a depth resolution bette: 
than 500 A. Effects of the differences between the two instruments in lateral resolution 
are shown for the analysis of films that exhibit different compositional gradients as a 
function of depth in the film, In IMMA analysis, quantitative calibration is based on em- 
pirical working curves from analyzed homogeneous standards. Quantitative results of TEM/ 
EDXA are obtained by means of the direct element ratio model.* 


Sample preparation and Analytteal Results 


IMMA. Sample-preparation techniques for ion probe analysis are similar to those used 
in preparing samples for quantitative Cl analysis.? The sample is initially removed from 
the substrate and embedded in epoxy. After the section is cured, it is ultramicrotomed on 
a 6° bias in order to "magnify" (by a factor of 8 to 10) the thickness of the cross sectio: 
(60 um). This beveling yields a depth resolution of 2-3 um when the cross section is ana- 
lyzed. The section is then inserted into a specially designed sample holder that allows x 
y, z translation and tilt of the sample, so that the surface to be analyzed (cross section 
can be placed both in the same plane and at the same height as the top surface of the samp 
holder. 

To complete a full cross section analysis, one must also analyze top and bottom surfac 
chips. These chips are mounted on a 2.5cm-dia. slug. They are held in place by a small 
amount of Aquadag (carbon suspended in deionized water). Both the section and the chips 
are coated with a 100A-thick film of amorphous C to insure that the area around the analy- 
sis site remains conductive during analysis. 

Analytical conditions of the ion-probe instrument were used as defined in Ref. 3. In- 
strumental parameters used in the quantitative analysis of As in Se are tabulated below. 

The high (20%)ionization efficiency of the halogens when negative ions are used allows 
quantitative analysis in the 107!’g range for Cl in Se, That is not the case for TAas- in 
Se. Negative primary ('®0-) and secondary ions are required to detect Cl in the As and Se 
matrix. However, the detection limit for the monoatomic species of As is O.5 at.% under 
these conditions. Arsenic, because of its low electron affinity (< 1 eV), has a low 
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Primary 


Negative mode 

40% electronic aperture 

10s integration time/mass 
Masses: 3°C1-, 8%Se7 | 914507 


Data Acquisition 


PDP 11/40 with 
64K words of 
core memory 


Beam 1&Q- 
Beam diameter 10-15 um 
Raster size 80 x 45 um 
Raster rate 250 Hz 
Duoplasmatron pressure 400 um 
Sample voltage 1500 V 


negative-ion yield. Evans has suggested the use of oxygen as primary ion to force the 

chemical process of ion production.> In this technique oxide species of the matrix ele- 
ments are formed that may increase sensitivities and detection limits. Figures 1 and 2 
Show this effect. These data were taken from an amorphous film of compositions Se. g¢gAs.u49. 
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FIG. 1.--Negative secondary-ion spectrum FIG. 2.--Positive secondary-ion spectrum 
taken from amorphous film of Se gAs.,. taken from amorphous film of Se gAs_4. 


Note that the negative-ion intensity is greater by almost an order of magnitude than the 
positive-ion intensity. Figure 1 shows that the ion intensities of the polyatomic species 
of As are orders of magnitude greater than the monomer. It is readily apparent that the 
oxides of As should be used to increase sensitivity levels during analysis. 

Primary-beam-current density must be minimized to about 1.3 x 107-2 mA/cm* in the ras- 
tered area to avoid sample degradation owing to thermal effects. This figure, at a raster 
rate of 250 kHz, gives a sputter rate of about 100 A s~lma-lem™in an area 80 x 45 um. 

A 40% electronic aperture is used to avoid crater edge effects. 

Two independent analyses of each sample are needed for a complete compositional pro- 
file of As through the film thickness. First, an analysis is performed on a photoreceptor 
chip while the primary beam is impinging perpendicular to the top surface. This analysis 
allows data to be collected to a depth of 2.5-3 um. Second, an analysis is performed on 
the previously mentioned microtomed cross section. Figure 3 shows the "stepping" tech- 
nique used in order to obtain data with 2-3 um resolution through the "bulk" of the film. 
During the analysis of the cross section, data accumulation is terminated at a particular 
point only when 7-10 consecutive integrations yield the same composition. Then and only 
then is the sample moved to the next point of analysis. 


TEM/EDXA. Thin sections of approximately 0.15 um thickness for TEM examination are 
normally prepared, by means of an ultramicrotome. The sectioning is done in a plane per- 
pendicular to the photoreceptor surface. By sectioning at a shallow angle to the top sur- 
face a magnified area of the photoreceptor top surface may be obtained. A bias angle of 
6° yields a magnification of approximately 10x. The spatial resolution for the Philips 
EM200, defined by the minimum electron-beam probe size, is 0.5 pm. The depth analysis by 
this probe size on beveled sections would be 0.05 um. Use of a computer to control the 
beam-deflection coils of the TEM permits the direction and incremental stepping of this 
small electron probe to be accurately controlled across the specimen. 
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FIG, 3.--Step-profiling technique used in analysis of biased microtomed cross sections. 


In the TEM chemical analysis of specimens the analyzed volume depends only on beam 
diameter, since the finite range of x-ray production is determined mainly by the sample 
thickness. This relationship immediately yields a great simplification for quantitative 
analysis. The assumption is made that for very thin specimens all x rays generated by 
the electron beam can escape without appreciable absorption. Also, electron backscatter- 
ing and secondary fluorescence of x rays are negligible and can be ignored. 

The assumptions are incorporated into a BASIC language program developed by EDAX, 
called QTHIN. This program was included into software that was written to automate the 
TEM/EDXA system completely for chemical profiling. Elemental concentrations are deter- 
mined by use of the Direct Element Ratio Model. Peak intensities are obtained by the si- 
multaneous fitting of all peaks for each element by a least-squares method. The back- 
ground was calculated over the spectrum segment containing the peaks of interest and sub- 
tracted out prior to the intensity calculations. 

To evaluate the accuracy of the Direct Element Ratio Model for standardless analysis 
a series of thin sections of As-Se alloy compositions were analyzed. The thin sections 
were taken from bulk material that were used as standards for XRF and EMPA analysis, but 
were treated as unknowns. It was found that agreement was better than +5% relative for 
the 20, 30, 40, and 50% standards. For low arsenic concentrations of 0.5, 2.0, 5.0, and 
10.0%, results were accurate to +0.3% absolute. 

The analyses are typically performed at 80 kV with an electron beam current of 20-50 
Each analysis point is run for 400s real time on the EDAX Model 711 Analyzer. An analysi 
incorporating 20 points over a depth of 1 um takes approximately 150 min. 


Discusston 


Some alloy films are compositionally graded, primarily because of the fractionation 
of the alloy. Three different films were analyzed by three different techniques in order 
to determine which technique most precisely described this compositional gradient. 

Figure 4 shows a typical As gradient near the top surface of the subject film. The 
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initial analysis was performed on the EMPA. Two accelerating potentials were used, 6.0 
and 17.0 kV, to define the degree of fractionation.~ The depths of x-ray prose trom pleted 
on the graph for EMPA are calculated from the range equation of Anderson, 


z = 0.064 
w p 


1.68 1.68 
(Eg =E ) 


where Z, is the mean depth of x-ray production, p is the target density, Eg is the accele- 
rating voltage, and E, is the critical excitation potential. The calculated concentrations 
are an average over these depths. The data from the EMPA analysis show a definite increase 
in the gradient near the surface. From the EMPA data alone, the peak concentration in the 
gradient could not be determined. 

The second analysis was performed by means of the TEM/EDXA on a ultramicrotomed biased 
cross section. This sample preparation method results in an effective beam size or depth 
resolution in a vertical cross section of about 300 A. The plotted data from the TEM/EDXA 
analysis show good agreement with the EMPA results. Note that the near surface concentra- 
tion is higher than that determined by EMPA, which shows that the depth resolution of the 
TEM/EDXA technique is better than EMPA. The previously mentioned 500 A resolution of the 
TEM, although better than EMPA, yields a compositional average owing to the steep nature 
of this As gradient. Increased depth resolution can be achieved by a reduction in the bias 
angle at which the cross section is microtomed. 

Figure 4 also shows the data obtained with the IMMA. Data acquisition occurred every 
100 sec, which corresponds to a depth of 300 A into a photoreceptor chip. With this added 
depth resolution, we see that the "surface" concentration is higher than that revealed by 
EMPA and TEM/EDXA analysis. The IMMA analysis also gives an average over the analyzed 
depth when such steep gradients are involved. Lower accelerating potential and less beam 
current density yield better depth resolution. However, lower curren density also lowers 
sensitivity, because of the low negative-ion intensity of As. 

Figure 5 shows a comparison between EMPA and IMMA performed on a vertical cross section 
and a "biased-cut"' cross section, respectively. The final three points in the plot of the 
IMMA data are taken from the plot of the top surface data. The data indicate agreement 
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between EMPA and IMMA analysis down to concentrations as low as 0.1 wt.% when the matrix 
is homogeneous. 

In some instances IMMA gives poorer depth resolution than TEM/EDXA, and vice versa. 
The former may occur when fractionation bands are extremely narrow (e.g., 300-690 A) and 
the photoconductor surface is rough. This complication arises because 300-450 A of mate- 
rial are removed from the rastered area as data are accumulated. If the thickness of the 
fractionation band is near this value it may go undetected. Figure 6 is an example of 
just such a sample. The TEM photomicrograph taken at 5000x shows a photoreceptor top sur- 
face in cross section. Below the top surface are several narrow fractionation bands. The 
top surface shows a low-frequency undulation in its topography. Figure 7 shows the data 
obtained from the depth profile of the surface chip by IMMA and the cross-section data ob- 
tained by TEM/EDXA analysis. The fractionation pattern does not show up in the IMMA data, 
doubtless because the undulation in the fractionation band is several times smaller than 
the size of the rastered area. Since the thickness of the fractionation bands in this par- 
ticular case happens to be comparable to the depth of the crater formed to obtain one mea- 
surement, one crater could cover a fractionation band containing both low and high As, so 
that the differences would be averaged out. The TEM/EDXA method, on the other hand, sam- 
ples one point with dimensions equal to or slightly smaller than the width of the bands. 

The third film that was analyzed contained a very high frequency surface roughness and 
much wider fractionation bands (Fig. 8). The data from both analyses are shown in Fig. 9. 
Note the discrepancy in the surface As value between the two techniques. The low As value 
obtained by IMMA is a result of the presence of phase-separated trigonal Se crystalliza- 
tion at the top surface masking the higher As concentration in the surrounding amorphous 
alloy. This small amount of crystallization appears to sputter very rapidly, but in doing 
so a very narrow fractionation band just under the crystallization goes undetected by IMMA 
analysis, at a depth of less than 0.15 um. : 

As the crater bottom that is being analyzed moves deeper into the film the compatibil- 
ity of the two analysis techniques becomes very apparent. Again, averaging occurs with 
either tool: IMMA may have missed very low As concentrations, but TEM/EDXA did not detect 
the extremely high As peaks. 


Cone lustons 


The results show the complementary nature of IMMA and TEM/EDXA quantitative analysis 
for accurately defining vertical compositional gradients of arsenic in selenium photocon- 
ductors. Advantages of IMMA techniques are: (1) simple sample preparation, (2) ability 
to perform simultaneous light-element analysis, and (3) capability for quantitative ppm- 
level analysis for some elements. Advantages for TEM/EDXA quantitative analysis are: 

(1) submicron spatial resolution and (2) immediate visual confirmation of any physical 
anomaly present in the sample. 
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Energy-dispersive Detectors: A Bibliography 
C. E. Fiori 


This bibliography includes references to publications germane to the application of 
energy-dispersive detectors to electron-column devices. Applications receiving the major 
emphasis are the scanning and transmission electron microscopes and the electron beam 
microprobe. Other applications, such as x-ray fluorescence, are included, but not com- 
prehensively. The cited literature covers such topics as the history, the physics, and 
the electronics of energy-dispersive detectors; and instrumental applications, artifacts, 
quantitative analysis applications, characterization and calibration, and applications in 
fundamental physical measurement. Selected additional topics of use to the reader in un- 
derstanding or applying the energy-dispersive detector are included. 

Detector types considered are the Si(Li), Ge(Li), intrinsic germanium, gas proportion- 
al, HgI5, and CdTe detectors. A subject index appears below. 

The author would appreciate receiving any relevant papers that should be included in 
future updates of this bibliography. 


Mtcroprobe, SEM Applications: 15, 17, 22, 50, 71, 77, 84, 89, 92, 99, 101, 176, 182, 
183, 184, 188, 209, 210, 227, 236, 237, 250, 251, 252, 255, 256, 259, 260, 263, 270, 274, 
275, 276, 277, 288, 294, 302, 303, 304, 305, 306, 313, 314, 319, 330, 339, 348, 351, 352 


XRF, PIXRF Applications: 33, 34, 40, 41, 47, 51, 68, 69, 96, 97, 100, 110, 120, 126, 
129, 130, 154, 155, 163, 164, 165, 166, 171, 180, 209, 213, 216, 218, 242, 271, 282, 288, 
295, 296, 328, 333, 347, 348, 358 


Quantitative Applications: 4, 12, 13, 14, 15, 16, 17, 19, 20, 22, 50, 55, 64, 65, 71, 
88, 99, 107, 108, 109, 111, 112, 117, 118, 160, 175, 176, 181, 183, 185, 186, 187, 210, 
215, 217, 227, 236, 237, 238, 239, 249, 251, 252, 253, 258, 260, 265, 266, 267, 276, 277, 
285, 286,-289, 294, 298, 302, 303, 304, 305, 306, 312, 313, 314, 319, 322, 325, 339, 348, 
352 


Eleetronics: 42, 63, 72, 73, 75, 79, 80, 81, 82, 83, 89, 92, 102, 104, 122, 127, 131, 
170, 173, 174, 178, 193, 219, 230, 231, 232, 233, 234, 287, 312, 315, 324, 344, 348, 357 


Pulse Pile Up: 52, 89, 92, 102, 104, 241, 279, 320, 344, 348 
Artifacts: 89, 92, 106, 114, 150, 169, 235, 248, 257, 348 
Escape Peaks: 89, 92, 217, 235, 318, 348, 350 


Peak Fitting, Determination: 5, 53, 59, 89, 90, 92, 168, 207, 217, 238, 265, 268, 269, 
272, 290, 291, 299, 317, 321, 323, 327 


Physics of Detectors St(Li): 1, 2, 26, 66, 74, 98, 119, 123, 137, 139, 142, 149, 162, 
177, 194, 197, 199, 200, 201, 204, 226, 331, 359, 360, 362 


Physics of Detectors Ge(Li), Ge: 61, 66, 113, 134, 135, 136, 137, 138, 139, 140, 143, 
144, 145, 146, 147, 157, 158, 159, 195, 200, 201, 204, 222, 223, 224, 225, 228, 342 


Fano Factor, Ionization Energy: 70, 85, 220, 221, 336, 356 
CdTe: 57, 95, 161, 204, 292 
HoT: 56, 58, 292 
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Gas Propgrtiond , Ionization: 27, 32, 35, 42, 49. 54, 66, 86, 167, 196, 198, 203, 210, 
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Physical Applications: 76, 152, 189, 190, 191, 307, 308 
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Background Fitting: 5, 11, 89, 91, 92, 190, 217, 254, 268, 269, 284, 291, 297, 306, 
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